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Preface 


The stud} of hormones is one of the great UQif> mg threads running 
through modem biology, extending all the nay from botan} through 
marine zoology to clinical medicine, and uith the active participation of 
chemistry at almost everj stage but the earliest For this \ery reason, 
hone\er, the data and materials dealing mth hormones have been pub- 
lished m iridely scattered journals While some parts of the subject 
have already been brought together m review form, in no place has a 
comprehensive presentation, at the research lc\el, been assembled It 
IS the purpose of this treatise to bring tr^ether the great scattered mass 
of information covering the roles of hormones in a mde diversity of vital 
processes, and their pathological as nell as normal phj'siology For this 
purpose the Editors have been fortunate in having the collaboration of 
a group of authors, each one an expert and an active investigator m his 
particular held The expenmentalism essential to our advancing 
knowledge, therefore, receives full emphasis, while practical applications, 
particular!) m applied biology and medicine, have been brought m 
wherever possible 

The division of the treatise into two volumes is largely a matter of 
convenience rather than of principle The hrst volume contains the 
chemistry of the hormones, the role of hormones m organisms other 
than mammals, and some aspects of the animal ph>sio]ogy The second 
volume will contain the bulk of the mammalian endocrinology proper, 
with clinical applications 

In regard to minutiae such as terminology and spelling, some attempt 
has been made to attam uniformity but this has not been pressed 
^^Tlere so wide a circle of collaborators is involved, some variation in 
usage IS unavoidable American spellmg has been adhered to through- 
out, but beyond this the reader must accept some variability Since 
no general and complete!) accepted steroid nomenclature is m use (see 
Chapter XIII) the Editors have left the final decisions to the individual 
authors Certain variations in nomenclature will, therefore, be appar- 
ent, but these are in our opinion of minor importance 

The Editors sincerely hope that this work will make a contribution 
to the orderly assemblage of knowledge that is essential to scholarship 
and understanding maw idely ramified branch of science 

Gregory Pincus 
Kenneth V Thuiann 

June 15 1948 



CONTRIBUTORS TO VOLUME I 

Fuank a Jii , Profetaor of Zoology, NoTthveaiem UnMcrtxly, 

Eianslon, Illxnoxa 

Ralph I Dorfmas, ir«;em Reaene Unuersxly, Claelarxd, Ohxo 

Herdcrt M Evans, Inatxtute of Exptrxmental Biology, Unuersxly of 
Calxfomxa, Berltlcy, Colxfomia 

S J Eoi.i.z's, Head of the Department of Laelalional Physiology, Natxonal 
Institute for Rtseareh »n Dairying, Unxiersxty of Reading, England 

IIarrv Greenoard, Departmenl of Physiology, Northiceatem University 
Medical School, Chicago, Illinois 

Roy 0 Creep, Ilanard School of Dental Medtane, Boston, Masaa- 
chuselta 

R D H Uz\nD, Department of Diochemtafry, McGill Uniiersity, Montreal, 
Canada 

H Jfnsjn, Chief Bioekemial, Medical Department, Field Research 
Laboratory, Fort Knox, Kentucky 

Choh IIao Li, of Experimental Biology, Unuersily of California, 

Berkeley, California 

F H Malpress, Department of Lactational Physiology, National Insti* 
iute for Research in Dairying, Unnersity of Reading, England, and 
Department of Biochemistry, Queen's Unnersity, Belfast, Ireland 

'William II Pearlman, Jefferson Medical College, Philadelphia, Pennayl- 
lania 

Gregory Pincus, Worcester Foundation for Experimental Biology, 
S/»retrsl>urj/, Massachusetts 

Berta Sciiaiuier, John Simon Guggenheim Fellow, Unnerssty of Colorado 
Medical Center, Denier, Colorado 

Kenneth V Thimavv, The Biological Laboratories, Harvard Unuersxly, 
Cambridge, Massachusetts 



CON' 


Paf$ 

PRETACE V 

CO\TRIBirrOR3 TO VOLOME I VI 


Historical latToductioQ Bt Gregory Pisces and Kenneth V Thihann 1 

Plast Growth Hormones By Kenneth V Tiiisiann ^ 5 

I Historical Development and Definitions 6 

II Assay Methods 8 

III Chemistry of Auxins 15 

IV’ Transport of Auxin 26 

V Role of Auxin m Tropisms 30 

VI Root Formation 35 

VII Phenomena of Inhibition and Toxicit) 38 

V'lII Other Actions of Auxin 48 

IX Mechanism of Action 55 

References 65 

Other Plant Hormones Or Kenneth V’ Thimann 76 

I Wound Hormones 76 

References 82 

II FIower'Formmg Hormones 83 

References 97 

III Leaf Growth Substances 08 

References 101 

IV Vitamins, Steroids, and Carotenoids as Plant Hormonea 102 

References 100 

V Additional Postulated Hormones 110 

References 116 

VI Hormone>like Substances in FVingi 116 

References 119 

Hormones in Insects Br Berta Scharrer 121 

I Introduction 121 

II Rndoenne Control of Fostembryonic Development 122 

III Role of Hormones in Reproduction 134 

IV Hormonea and Color Change 141 

V "Gene Hormones” 142 

VI jSaurees.of.Inscct Hormones 146 

VII Mode of Action and Physicochemical Properties of Insect Hormones 151 

References 154 

Hormones Is Crustaceans Bt Frank A Brown, Jr 159 

I Introduction 159 

11 Hormonea and Sex Charactenstica 160 

HI Hormones and Color Changes 164 

IV Hormones and Retinal Pigment Movements 182 

V Hormones and Molting and Growth 1B7 

Vr Hormonea and Other Activities 192 

References 1^5 

vu 



Vlll 


CONTENTS 


Hormone! of the G»»trolnteitIa»l Tract Dr Harrt Greevoabd 20! 

I Introduction 202 

ir The Upper Intestine 203 

HI The Gaetnc Mucos'\ 2 J 5 

IV The Salivary GhntU 243 

\ UrORastrone 244 

Ileferencea 246 

The Phyilolosy and Chemistry of the Parathyroid Hormone Br Roy 0 Greep 255 
I Introduction 256 

II FmbrjoIoRj and IIiatoIoRx 257 

III Anatomy 257 

IV The EITeets of Extirpation of the Parathvrotd Glands 259 

V PhjsioloRieal Actixitj of the Parathyroid Hormone 265 

VI Extraction, Punfication and Some Chemical Charactcristirs of the Para- 
thyroid Hormone 272 

17/ St/tbilUy, Sohbiliti, and 0(k^e ( Aantcfemfrcs of (he Harathtroii ffor- 
mone 274 

VIII ■^icld and Activity 276 

IX Assay ^lethoda 276 

X The Parathyroids m Relation to Other Endocrine Glands 277 

\I The Dearinit of Dietary Mineral Intake, Prejtnancy, lactation and Renal 
Inadequacy on the Regulation of the Sise and Functional Actinty of the 
Parathyroids 279 

XII Alterations of Parathyroid Function in Man 285 

XIII Relation of the Parathyroids to Skeletal Growth Bone Repair, and 

Dental Defects 289 

\IV Mineral Appetite 292 

Rc/crencee 294 

The Internal Secretion of the Pancreas Dr il Jemen 301 

I Introduction 301 

II History 302 

III Islets of Laogerhans 303 

IV The Preparation of Insulin 305 

V Chemistry of Insulin 306 

VI Standardization of Insulin 312 

VII Administration of Insulin 313 

VIII Physiological Action of Insulin 314 

IX Endocnoe Function of the Pancreas 318 

References 3^^ 

Assay of Ovanan Hormones By Gregory Pincus 333 

Introduction 

International Standards 334 

I Chemical Methods of Assay 334 

II Physical Methods of Assay 3^ 

III Biological Assay Methods 3^1 

References 



CONTLNl^ IX 

The Chemistry and Metabolism of the Estrogens Br WiLLiAiTTI'TEABLMAN 351 
I Chemistry of Estrogens 352 

II Metabolum of Estrogens 3gQ 

Ileferences 400 

Chemistry and Metabolism of Progesterone DrUiLUAKH Plarlman 407 

I Chemistry of Progesterone 408 

II Metabolism of Progesterone 447 

Ileferences 45O 

Biochemistry of Androgens Dy-KaipiiI Dorpuan 467 

I Sources of Androgens 459 

II Isolation of Androgens and Related Compounds 47I 

III Form in ^^’hleh Androgens Occur m Urine 484 

IV Assay of Androgens and Related Substances 488 

\ Concentrations of Androgens and 17 Ketosteroida in Lnne and Blood 496 

VI Metabolism of Androgens 517 

Vn Mechanism of Action of Androgens 535 

VlII Inhibitor) Effects of Certain Compounds on Action of Androgens 538 

I\ Abilit) of Androgens to Inhibit Action of Other Steroid Hormones 539 
X Possible Androgenic \ctmtv of Other Hormones and Pregnenmolonc 539 

References 540 

Chemistry and MetaboUsre of the Adrenal Cortical Hormones By R D H 

Hearo 549 

I Histoncal Introduction and Svnopsu 550 

II Hormone Concentrates 651 

III The Steroids Isolated m Crystalline State from Adrenal Tissue 652 

IV ArtiReial Preparation of the Actiic Adrenal Steroids 570 

V The Amorphous Fraction 692 

VI Relationship between Chemical Structure and Phi oiolngical Action 594 

VII Metabolism of the Adrenocortical llorinoneH 602 

References 623 

Chemistry of Anterior Pituitary Hormones Hr Choh Hao Ii and Hi.R 8ERT 

M Evans 631 

I Gonadotrophic Hormones 633 

II Lactogenic Hormone (Protactin) 648 

III Thyrolrophic Hormone 661 

*IV Atlrenocorticdtropnie'Fiormone'f/CnTI » "Wo 

\ Growth Hormone 674 

Vf Summar^ 6Sfl 

References 688 

Kermonal Control of Mammary Crosrth BrS J FolletandF H Malprcss 695 
I Morphology of the Mammarj Gland 695 

II Early Investigations 701 

III The Ovarian Hormones and Mammary Growth 703 

IV The Anterior Pituitary Gland and Mammary Grouth 716 

V The Androgens and Mammary Growth 728 



CONTESTS 


\ I The Thyroid and Mammary Growth 732 

\II The Phccnta and Mammary Cron th 734 

\ III Comparative Aspccta of Mammary Growth Control 736 

I\ The Control of hippie Growth 738 

References 739 

Honnonal Control of Lactation Rr S J Follet avd F H Malpress 745 
I The Anterior Pituitary and lactation 746 

II The Adrenal Cortex and Lactation 761 

III The Thyroid and Laetalwn 767 

I\ The Ovarian Hormones an I lactation 773 

t The Pancreatic Isleta and lactation 790 

\I The Posterior Pituitary and liActation 791 

\ II The Hormonal Control of Milk Composition 793 

Mil Assay and Physiological Properties of Prolactin 795 

References 799 

Atrnion Index 807 

Sltuect Ivnrc 



CONTENTS OF VOLUME II 
Physiology of Ovanan Hormones 

Bt Gregory Pinccs, Tht Worcesler Foundation for Expertmcnlal 
Biology, Skrcxcsbury, ilfasjochuicfia 
Physiology of Androgens 

By Ralph I DORntA^, IFesfcm ifesme Uniiorsity School of Medicine, 
Cleieland, Ohio 

Physiology of the Adrenal Cortex 
By R L Noble, J/cGiH C/ntter«fy, Montreal, Canada 
Thyroid Hormones and Thyroid Function 
By W T Salter, Yale Unnerttiy School of Medicine, Netc Ilaien, 
Connecticut 

Physiology of Thyreotrophm 

By W T Sklter, Yale Unuereity School of Medtane, A'eu> Hoien, 
Connecticut 

Physiology of Gonadotrophins 

BtH M E>A^SAKDM 'E.Smp&os, Vmiersity of Cohfornia, Berkeley, 
California 

Metabolic Effects of Pituitary Hormones 
By H M Evaj,s and Leslie L Bewett, Uniierstly of California, 
Berkeley, California 
Hormones of the Posterior Pituitary 
By H Waring and F Landobede, 3/oteno Medico Department 
Fosterhill, Aberdeen, Scotland 
Chemical Control of Nervous Activity 
a Acetylcholine 

By D Nackmansohn, Columbia Unnersity, College of Physicians 
and SuTgeout, New Vort, New VerL 
b Adrenaline and Sympathm 

By H Bl.^schko, Oxford Unnersity, England 
c Neurohormones in Lower Vertebrates 

By G H Parker, Ccmtndffc, Massachusetts 
CUmcal Endocrinology 

By H PREEiiAN, Worcester £ta(c Hospital, Worcester, Massachusetts 
Indexes 

XI 



Chapter I 

Historical Introduction 

By GREGORY PIXCUS and KENNETH V THIMANN 

The concept of internal secretions or special tissue "ferments" m 
animals was adi anced ns carlj as 1775 bj de Bordeu of Montpellier and 
extended b> Le Gnllois in 1801 The experimental demonstration of an 
internal secretion was first gum bj Borthold in 1849, in his classical 
experiment m which castration effects were pre\ented by the transplanta- 
tion of testis tissue in the fowl Many other demonstrations followed 
Yet the understanding of the precise nature of a hormone, and also of the 
general principles invohcd, waited until the Ba>hs8 and Starling work 
on control of pancreatic secretion by the intestine, in 1 004 It w as onlj 
then that the concept of a "chemical messenger" which coordinates the 
activity of different parts of the body was crystallited The reason for 
the delay in comprehension of the principle was concisel> put by Hop- 
kins **Up to near the end of the last century Dcarl> ever} expert looked 
to the influence of the ncri. ous s> stem alone as concerned w ith the co-ordi- 
nation of functions m the bodj , the conception of chemical regulation 
and co-ordmation had achieved no place m the minds of the majority " 
In other words chemical physiology was a late comer to a field m which 
anatomy, morphology, and surgery had established themsehes It is 
worth noting that, m such actnitics as color changes in the skin of fish 
due to melanophores, the relative importance of nervous and hormonal 
control IS a matter of dispute even today 

As with the concepts, so with the materials Eighty -six years after 
Berthold’s work Laqueur isolated testosterone from bull testicles to bring 
forth the final chemical proof for the existem^ of the type of substance 
indicated by Berthold’s experiments For other glands there are similar, 
but not quite so long, latent periods between the first effective experi- 
mental demonstration of internal secretory function and the isolation of 
a pure active hormone In Table I we list these occasions for those 
glands from which authentic chemical isolation has been made In the 
last instance listed, the isolation was made from quite other sources than 
were used for the original demonstration 

During these “latent" periods there has, of course, been no lack of 
1 
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m^cstlgatl^e activity Indeed they have frequently been marked by 
activity far more significant than the bounding mvestigationa One has 
only to recall the effective discovery of pancreatic insulin by Banting, 
Best, and their co-workers, the penetrating investigations ofestrus cycles 
by Marshall, Stockard, and Papanicolou, Long, Evans, and Allen, the 
laborious elucidation of testis function by Koch, Moore and others, and 
the quantitative explanation of plant tropisms by Cholodny, Dolk, and 
\\ ent, as isolated instances of profound advancements m our knowledge 
of hormone physiology and biochemistry 

Nor are we certain that the isolation of a pure active pnnciple neces- 
sanl> informs us of the true nature of the hormones at work in the 
organism ^^'hether the posterior pituitary hormone is unitary or dual 
m nature is still a matter of uncertainty and Abel in 1923 may have 
isolated the single effective substance The functioning of acetylcholine 
and adrenalin as neurohormones is notoriously controversial Although 
testosterone has been isolated from bull testis, Huzicka has failed to 
obtain it from swnne testis and even now workers are searching for other 
testicular androgens. Furthermore, we are not certain of the true state 
of any of the steroid hormones tn wo Evidence for a corticosteroid 
ascorbate has recently been presented, and the problem of protem-steroid 
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conjugates has scarcely been touched In plants, the auxin-proteins 
present a very similar case As a histone parallel one maj question the 
authenticit j of thj roxin as the tnic thyroid hormone m v iei\ of the isola- 
tion of active th>Toprotem 

The modem concept of internal secretions in animals enunciated by 
Browm-S^quard in 1889, and clarified and baptized bj Bayliss and Star- 
ling, required and has received voluminous proof It was unfortunate 
that for a time endocnnologj vv as somewhat suspect, a none too reputable 
step-child of phj*siologj This was lo large measure due to the exploita- 
tion of the idea of rejuvenation by hormones, an idea that had its incep- 
tion also with Brown^dquard The use of testis extracts, of testis 
transplants and various "rejuvenation” operations in men were obnox- 
iously publicized in the late 19th and carlj ^th century But along with 
these questionable outgrowths of endocnnologj were activities represent- 
mg solid contnbutions to our knowledge of the subject The painstak- 
ing researches that led to the establishment of a genuine science cannot, 
of course, be desenbed here, man> of them are outlined in the special 
chapters of this book 

Table I should not be taken as a guide to the bistorj of advances in 
ammal hormone discovery As a reading of our chapter titles indicates, 
important secretorj glands and their products are omitted Many 
hormones, particularly among the lower animals, are far from charac- 
terization, let alone isolation What Table 1 does illustrate is that in 
most cases at least two generations are required to establish a hormone 
as a biochemical entity During this time the work follows a broadly 
repeatable pattern, confirmation and extension of the first observations, 
study of the reactions of other tissues, the gradual emergence of methods 
of assay, standardization of these methods, and the chemical isolation 
Then begins a new senes of expenments with the pure material or a 
synthetic substitute 

There has, m the last decade, been a notable quickening of general 
interest in hormones for two reasons The first is that the organic 
chemistrj of the hormones esjiecially of the steroids has been remark 
ably elucidated Following the isolation of estrone m 1929 the organic 
chemists have not onlj isolated ovanan, adrenal, and testis steroids but 
have synthesized a number of the pnncipal active substances The 
second basis of quickemng interest has been the application of modem 
methods of protein chemistry to the elucidation of the protein hormones 
The problem of posterior pituitary hormones has been reattacked and 
real progress in the purification of antenor pituitary hormones has been 
made The importance of these advances m hormone chemistry 1 es not 
merely m the chemical facts themselvres The opportumty is offered to 
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phjsiologiata biochemists, and clinicians to imcstigatc m their fields the 
properties and usefulness of definable reproducible materials For this 
reason there IS no need for the tj pc of controsors} on the efficacj of\ar 
lous extracts that clouded the earl> jears of endocrine research The 
a\ ailabilit> of large amounts of pure hormone has led to intcn«u e studies 
of their effects in c\cr3 branch of the animal kingdom 

Brow-n-S^quard i\as insistent that c\er5 tissue of the body produced 
hormones Since his daj experimenters iMth animal hormones ha\e 
largely concentrated on specif c glands There appears howe\er to be 
a return toward his original inlorests The fact that the gut produces 
hormones has long been a challenge to the notion of a specific secretorj 
gland But now it is being recognised that the field is much wider The 
neurohumors arc obMOU^lj special tissue products Inject hormones 
do not necessarily come from organs of specific glandular function And 
in the plants we find growth hormones produced m a \ariety of tissues 
none of which is merely a gland It is tempting to look for a cycle of 
accomplishment in any science 

The final stage in the study of a hormone and its activity, if indeed 
the word ' final' can cter be applied m phy* 5 ioIog> is the elucidation of 
the mechanism of its oction But this inx oh es \ cry profound bioehemi 
cal questions some of them wc are not e^e^ ready to ask let alone to 
answer Many of them imohe problems of growth — control of the 
limited specific grow-th of a particular tissue like the \aginal epithelium 
or the corpus luteum Some arc interrelated with general metabolism 
All must entail enryme systems probably systems of which as yet we 
know nothing Can a steroid function for instance as a cocniyme’ 
How can the utilization of potassium or calcium be influenced by traces 
of substances? The future of hormone rc«earch will thus be m large 
part bound up with the ad\ances in general biochemistry and physiology 
although hormones will doubtless pro\e to be inxaluable tools for the 
attack of these fundamental questions As yet it must be said that this 
aspect of the w ork is scarcely begun Nevertheless the accumulation of 
knowledge now availalile means fliat much progress a’long'fnese'inajb’ft 
now possible Perhaps therefore the present is the ideal time to take 
stock of the material and to put our knowledge together in carefully 
considered and well digested form ready for further advances 



Chapter 11 

Plant Growth Hormones 
By KENNETH V THIMANN 


COSTENTS 

I Historical Development and Dcfimtiona 6 

II Assay Methods 8 

A Arena test 8 

B Other Curvature Testa Using Agar Dlocl^s 11 

C Straight Grovflh Measuremetila 12 

D Curvature of Sill Organs 13 

E Epinaatic Curvature of Petioles 14 

F Other Methods 15 

in Chemistry of Auxins 15 

A "Auxm a and 6 ’* 15 

B Indole-t^acotic Acid 16 

C Synthetic Substances Not Known to Occur Naturally , 17 

D Nature of Auxm Precursors 21 

IV Transport of Auxm 26 

A Polar Transport and lu MechaniaiD 26 

B Upward Transport 30 

V Role of Aunn m Tropisma 30 

A Geotropism 31 

B Phototropism 32 

C Other Tropiams 31 

VI Root Formation 35 

A Auxin as a Root-Forming Hormone 35 

B Substances Active 36 

C Interactions between Factors 38 

D Anatomical Studies 37 

L Methods of Treatment 38 

VII Phenomena of Inhibition and Toxicity 38 

A Bud Inhibition 39 

1 The Facts 39 

2 Mechanisms 39 

3 General SigniRcnnce 

B Root Inhibition 43 

C Inhibition of Abscission 46 

D General Toxicity 47 

Vlll Other Actions of Auxm 48 

A Cell Division 48 

1 Tissue Cultures 48 

2 Cambium -*9 

5 



KESVETH \ THIMAVN 


3 Ot! <T TisjuPa 

4 I’atl oIoR cal O attcra 
B Formation of Fruits 

C Bole of \uxin in Seed Germination 
I\ Mechani*m of \ftion 

A FfTecta on Cell ^^aU 
B ^fobllItatlon of ‘^|>eml Jformones 
C Ilclfttion between Respiration and Croveth 
D Relation between Growth and Protoplajmic Streaming 
E Growth and Iptakeof Water 

F Conclusions 
Refereneea 


51 

51 

52 

54 

55 
65 
57 


I Historical DcTcIopmcnt and Dcfinitioos* 

Tlic concept of hormones in plants developed from the study of 
tropisms or curvatures Cronmgshoots tj-pjcalJ} curv e toward a source 
of light (positive phototfopism), and awaj from the earth (negative 
gcotropism), while roots curve toward the earth (positive geotropism), 
and m some eases awa> from light (negative phototropism) Cuna- 
turcs maj also occur awaj from or toward wounds (traumatotropism), 
electrodes (elcctrolropism), water (hydrotropism), etc All these curva- 
tures depend fundamentally on a difference m growth rate between the 
two sides of a g^ow^ng organ — the convert side grows faster than the 
concave 

The careful studies of Charles and Francis Darwin on the geotropi''m 
and phototropism of seedlings (72) made it clear that the perception of 
light and grav itj is centered in the tip of the growing organ, thus photo- 
tropism of the colcoptile of P/talart$ (a gra«s) was prevented completely 
by covering the extreme tip vMlh a black piper cap Nev erthele'^s, the 
Darwins observed that the curvature m such tropisms is not restricted to 
the tip but spreads downward to the ba^al regions They concluded that 
some influence is ‘ transmitted" from the tip to the basal regions 
Thirty years liter Boy^cn-Jensen (41,42) showed that this influence can 
cro's a discontinuity He cut off the tips of iiiena (oat) coleoptiles and 
stuck them on again in sttu with gelatin On now illuminafing the tips, 
curv ature appeared first in the tip and then also in the base Evidently 
the influence which is transmitted must be of a “matenal nature" 
This experiment was repeated with numerous variations, refinements, and 
controls by Padl (239) More important, however, was the following 
experiment (done with Coix coleoptiles) the tip was cut off and then 
replaced not symmetncally, but a little to one side Without any 
illumination the plant now curved so that the side m contact with the tip 
* For a fuUer treatment see Went and nmnasn (360) Chapter 2 and also Boyaen- 
Jensen (46) Chapter 1 
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was convex This side, therefore, grew more than the other, and Padl 
deduced that in the tip “a substance (or a mixture) is formed and inter- 
nally secreted ” This substance diffuses into the lower regions and 
controls growth there In normal growth, this substance would be 
symmetrically distributed, but curvature would be due to asymmetric 
distnbution, caused in some way by the light (or gravity) 

This conclusion led to expenments on normal, not curved, growth 
SMing (2S7,2S8) showed that indeed the tip controls straight growth of 
the part below it Decapitation slows the growth greatly, though after 
some hours there is an acceleration due to “regeneration of the physio- 
logical tip” in the apical part of the remaining shoot This regeneration 
was subsequently shown (78,288) to be due to production of the growth- 
promoting substance by the most apical remaining tissue 

Extracts of various tissues mixed mth agar and applied to one side of 
decapitated coleoptilcs (294) gave no evidence of containing a gron-th 
substance, though the technique of these expenments nas a valuable 
advance Certain enryme extracts applied m agar did produce curva- 
tures, honever (Seubert, 2G9) 

Finally, Went (347,348) placed cutoff colcoptile tips on agar and 
applied this agar to decaptitatcd coleoptilos This caused curvature, 
the side in contact with the agar being convex Evidently the growth 
substance, although it could not bo extracted by crushing the tissue, 
would “diffuse” from the intact tip into agar The curvature was shown 
to be proportional, within Unoits, to the amount of growth substance m 
the agar, t e , to the number of the tips placed on each block and the 
length of time they had been m contact This procedure has formed the 
basis for the assay method described below, by means of which three 
naturally occurring substances of sinular growth promoting action have 
been isolated and many aspects of growih physiology have been studied 
The growth hormones have been named “auxins” and this name has 
since been applied to the whole group of synthetic substances of similar 
activity 

The remaining histoncal development will be treated m the appro- 
priate sections 

Defimtions 

Considerable confusion m the use of the terms growth substance, 
growth hormone, growth regulator, Wuchsstoff, phytohormone, forma- 
tive substance, and auxin has ansen The following definitions, which 
are practical rather than rigid, are put forward to simplify the situation * 


'Similar, but not identical, definitions hare been propoaed by van Overbeek (234a) 
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Aimn An organic tubslancc which promotes growth (i e , trreiersibU 
increase in lolume) along the longitudinal axis, when applied in low coneen^ 
tralions to shoots of plants freed os far as practical from their mm inherent 
growth-promoting substance /lufin« map, and generally do, haie other 
properties but this one is eritieal The definition excludes nutrient salts, 
and in order to exclude supir, which unqucstionablj promotes longitudi- 
nal growth, the term “low concentrations" may con\cnicntl} be inter- 
preted as "below M/IQQO" Most auxins produce clear-cut growth 
effects at 10“* M or c\cn considerablj below * 

Pbytohonnone /In organic substance produced naturally in higher 
plants, controlling grotcM or other physiological functions at a site remote 
from its place of production, and acitte tn minute amounts This definition 
includes those auxins which are of natural occurrence, certain of the 
vitamins, and other hormones such as those stimulating wound growth 
or the postulated hormones of flowering, etc 
II Assay Methods 

Like Mtamm assa>s, auxin a«’ia>8 can onl> borelmbl} earned out with 
auxin^eflcient test objects The most conienicnt of thev is the dark- 
grown oat coleoptilc from which the tip has been removed 

A Aicnc Test 

As developed bj Mcnt and modified h; numerous workers this is 
earned out as follow s 

(1) Seeds of a pure line (the \anet> "\ ictorj " or "Segerhavre" i» 
the most commonlj u«ed) are hui>Ked, soaked for t\\ o hours in w ater, and 
laid out on wet filter paper v\ith the embrjo upward for 24 hours at 
25*C in weak red light 

(£) ^Micn the roots are about 2 mm long they arc planted in glas« 
holders (see Fig 1) with the root dipping into water contained in a sme 
or glass trough The holders arc held in brass clips in rows of twelve 
They can bo adjusted in two planes so that the shoots can be made 
stnctly V crtical Some laboratories prefer to grow the plants in sand or 
soif, either in mdividuar viafs or m fong narrow hoxes 

(S) The seedlings are allovicd to grovi for about 48 hours at 25“ in a 
dark room The humidity must be controlled at 85-90% (rclativ e) both 
to avoid drying and shrinkage of the agar blocks, and because plants 
grown in lower humidities are less sensitive (Gorier and Funke, 104), 
while at higher humidities guttation may occur Small cabinets have 
been designed to take the place of a controlled dark room (Avery el al 
18) but the latter is more convenient 

• Malic and other organic acida promote growth of the coleoptile at Jlf/1000 and 
below (335a) but only in presence of aiuin 
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(4) Straight seedlings of the same height arc selected and the tips of 
the coleoptiles, to a length of about 1 ram , removed with sharp scissors 
(stage B m Fig 2) This and all subsequent operations are earned out 



>10 1 — 'Xrma eccillinf; la glass holder vith roots m nater Arrows show the 
directions m which adjtiitmcnls can be made (From ent and Thimann 360 ) 

in orange or red light fix-e from tv at elengths shorter than 51)00 V bhorter 
wavelengths, cxe''pt at extremely Ion intensities produce phototropie 
curvature 



ABC DCF OH 

1-10 2 — Stages m the ^rena test A The intact coleoptile with primary leaf 
within B First decapitation C Three houra later D E Second decapitation 
F Primary leaf pulled loose G Agar bbek m place 11 Curvature the angle 
measured is a (From Went and Thtmann 360 ) 

(5) Blocks of agar containing the substance to be tested are made by 
melting 3% agar and mixing with an equal volume of the test solution 
(Formerly blocks of pure cashed agar were soaked m the solution but 
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this gncs unreliable results ) For experiments of the diffusion tjpe, the 
plant parts arc placed directlj on 1 5% agar The blocks arc cut up into 
small blocks of standard size, commonly 10 mm * Tlie size is however, 
not critical since the curanturc is cssentiall} proportional rather to the 
concentration than the amount of the auxin contained in the block 
(Thimann and Bonner 318), mth 10 mm » blocks 15% of the amount 
prc'cnt enters the plant 

(C) Three hours after decapitation, nhen gronth has sloned doHTj 
and regeneration of the ph>6iologicaltipbegun (•sec pp 12 32)afurthcr4 
mm is cut off (stage D Fig 2) Tins is preferably done with special 
scissors uath adjustable closure (sec ^\ent and Tliimann 3G0, Fig 12) 
The protruding primary leaf is pulled until it breaks off at the base, but 
left inside the colcoptilc as a support (stage F, Fig 2) 

(7) Tlic agar blocks arc placed on one side of the decapitated colcop- 
tilc resting against the leaf (stage G Fig 2) From six to tivcbe or 
more plants arc u«cd for each determination After a standard time (90 
or 110 min ) ehadougraphs of the resulting curvatures (stage II, F;g 2) 
are taken This time is set bj the “regeneration of the physiological 
tip’ which cau^s formation of auxin on both sides and consequent 
regression of the curvature vvith increased growth rate 

(S) The curv aturcs arc measured in degrees with a simple gomometer, 
and from the averages the concentration of auxin m standard units is 
determined Tlie plants for each test are calibrated bj using blocks 
containing 0 025 mg mdolcacctic acid per liter of agar, which gives a 
curvature within the range of proportionality, and a concentration five 
times higher which pves the maximum curvature obtainable The 
relation between concentration of auxin and curvature depends on the 
agar concentrations and the method of preparation of the plants For 
times age and conditions similar to tho'C gi\ en abov e, this relation Is 
shovm in Fig 3 ^^lth higher agar concentrations the proportionahty 
curve does not pass through the origin with lower concentrations the 
curve IS convex to the abscissa (32G) The curvature may aI«o be 
expressed in terms of d the difference in growth between the two sides 
This IS done by measuring r, the radius of cun ature, and I, the length of 
the cun'ed zone by means of a senes of circular arcs cut out of paper 
Then 



where t is the thickness of the crfeoptile, usually about 1 5 mm This 
method was introduced by Purdy (244) and is used mainly by Boy’sen 
Jensen and co workers who also grow their plants in sand or soil rather 
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than in glass holders The rclatiooship between d (in mm ) and curva- 
ture (m degrees) is approximately linear, a d value of 1 being about 38 5" 
Although the dark-room conditions are essentially constant, the 
sensitivity of the test vanes mth the time of day, being highest in the 
early morning (167,300) In spite of several attempts (167), no explana- 
tion has been found for this In carrying out the test in diffuse light, 



Fia 3— Curvature (dotted) and atr&ight srontb (aohd hnc) of ^ti-ena coleoptiles 
aa a fu&etioa of the amount of auxin appbed (After Thimann and Bonner 310 } 

SOding and Funke (293b) found the sensitivity loner in warm neather 
than in cold, although this is not a direct c^ect of temperature 

B Other Curvature Tests Using Agar Blocks 
The characteristic feature of the Arena test is the use of an agar block 
of small volume This makes possible the determination of very small 
quantities of auxin In the standard test abo\e, 0 025 rag indoleacetic 
acid per liter of agar gives a curvature of about 10”, measurable to about 
10% The amount of indoleacetic acid in each block of volume lO 
mm * IS thus 2 5 X 10"’ mg or 0 (X)25 y 

The ''deseeded" test (Skoog, 271) uses the oat coleoptile as above, but 
the seeds, t e , the endosperms, are removed, wthout damaging the 
embryo, at twelve to eighteen hours before the test The plants are 
held m the holders by cotton wool Since the endosperm of the seed 
furmshes the precursor which is converted to auxin in the regenerated 
physiological tip (see pp 22-24), these seedlings do not show regen- 
eration Hence, the curvatures continue to increase up to six hours after 
application, and consequently the test, it curvatures are recorded at six 
hours, 13 three to five times as sensitive as the ordinary Avena test 

The Cfphalana test (SSdmg, 291,293) is earned out in diffuse daylight 
with decapitated hypocotyls of Cephaletrta Because this seedhng has a 
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solid structure, unlike the hollow colcoptilc of the grasses, it is less easy 
to apply the agar to one side Accordinglj the hjpocotjl is cut through 
obliqucl} and the block placed at the lower end of the cut The sensi- 
tiMtj of the test has an unnccountablj large \ariation with the season 
in June and Jul} it is 400 times as sensitive as the Atena test, but in 
winter it is only about half as aensitne, according to Sodmg (293) It 
has been little u'ied 

A cunalurc test with Itaphanu$ hypocotjis was worked out by van 
Ovcrbeck (22G) The two cotyledons were removed, and in their place 
agar blocks were applied to the petioles — plain agar to one and the test 
block to the other The curvatures were photographed after two hours 

C STiLviaiiT Growth Measuri-mevts 

bmee the action of auxins m nature is to control straight growth, it is 
in principle desirable tliat assays should be checked by straight growth 
measurements, if not actually founded upon them 

Straight growth of rapidly growing organs is readily measured over 
short periods with a travelling microscope In this way Sodmg (288) 
demonstrated "regeneration,” i e , renewed au\in formation in the coleop- 
tile stump some hours after decapitation At Utrecht an automatically 
recording growth measuring device, or "ouxanometer,” has been used in 
some critical studies (c g , that of Dolk, 78) Measurements of enlarged 
photographs taken at intervals during growlli were used by Thimann 
and Bonner ( 3 1 9 ) and show ed, inter aha, that straight grow th, like curva 
ture, increases with the applied auxm concentration up to a clearly- 
defined maximum (sec Fig 3) Straight growth of decapitated colcoptiles 
has been used for comparing the activity of different auxins (2G0) 
Decapitated Luptnus seedlings almost stop grov\-th when exposed to light, 
and if auxin is applied to them, the resultant elongation, for whole 
hypocotyls, is linearly proportional to the logarithm of the concentration 
(108), while short sections show a direct linear relationship very much 
like that of Fig 3 (Dijkman, 70) 

Straight growth of isolated colcoptile sections is conveniently meas- 
ured by placing the sections on fine gla^ rods (Bonner, 30, Thimann 
310) or better still on the teeth of fine combs (Schneider, 2G2) and floating 
these on the test solution (see Fig 4) Sections of colcoptiles growing 
vertically on agar have been used by Monselise (209) and this method 
can be used w ith the auxin in agar blocks like the tests in B and C abov e 
Decapitated, isolated coleoptile sections, growing vertically, have also 
been used by Funke (88a) for assay of the growth inhibitor of maize seeds 

When the sections are used in solution the pH must be brought to 
6 0, because acid pH increases the growth by increasing the fraction of 
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the auxin in undissociated (as opposed to salt) form (31,259a) The 
sections should not be submerged m the solution but should breah the 
surface (335a) 



Fio 4 —Sections 3 mm long cut from coteoptiI<» mounted on combs and immersed 
m solutions in pctri dishes photographed after 00 hours Left sections in nater 
elongation about 10 Right Sections id auxin sucrose and 1\C1 elongation about 
100% with some growth in ihickneas (Fyoro Schneider 2D2 ) 


D CumATURE or Slit Oro^ns 

It ttos found by ^^cnt (351) that the intemodca of pea stems, if slit 
lengthmse and immersed m auxin solutions, cune inward (toward one 
another), the curvature being more nearlj proportional to the logarithm 
of the auxin concentration than to the concentration itaelf Jost and 
Hetss (150) used slit dandelion flowerstalks, and Tbimaim and Schneider 
(328) found slit colcoptiles of oat* or com xery sensitne Helianthus 
hypocotj Is hate been used by several workers especiallv Diehl ef of (75) 
but \nth the auxin applied in lanohii paste With nil such objects, in 
water alone the hahes curve outward, due to tissue tension In very 
dilute auxin solutions there is often a slightly increased outward curva- 
ture, more marked with some auxins than with others (327) Acid pH 
has the same effect, probably due to liberation of auxin at the cut surface 
(31) The inward curvature is, like the cur\ature of Aiena coleoptile^* 
in the test under A abo^e, due to a difference in growth between the two 
sides of the organ, the outer side growing more than the inner (van 
Overbeek and Went, 238), but in this case the auxin is applied sym- 
metrically and the differential response is inherent in the plant tissue 
Van Overbeek and Went concluded that the curvature is due to differ 
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cnccs in the rales of auxin cnlrj on the t«o sides, cntrj taking place 
more rcadilj through the outer intact side than through the central 
(ivoundcd) tissue, but this has been disproacd bj Jost (149) and Tliimann 
and Schneider (327), and the exact cause of the dilTcrential response has 
been the subject of considerable studj It is clear that it in\ oh cs (a) a 
true difTerencc in the nbilitj of the different lajcrs of tissue to grow, the 
epidermis and outer cortex grouing more, in response to auxin, than the 
pith and central lajcrs (75,149327), (6) a retarding effect on growth 
induced bj the longitudinal wounding (203,353) The respon«o of the 
epidermis is particularlj important, “peeled” plants ginng consistcntlj 
smaller curxnturcs The different response to auxin of the different 
laj ers is the mam cause of the cur\ atures, and is also responsible for the 
dcAclopmcnt of the ti«sue tensions in the normal growing stem The 
method IS conicnient where sufficient quantitj of solution is o\aiIable, 
and has been u«ed in chemical studies on the actiMtj of sjuthetic auxins 
(•ec Section III, C) It can be earned out m diffuse dajlight 

A modification in which coleoptiles arc slit into quarters instead of 
hahes (32S) g\\cs considcrablj greater scnsitnitj According to %aa 
Santen (259a) this method is much more scnsitnc to auxin o than to 
indoleacctic acid, but this is open to question 

E EriNAStic Ctn\ATunE or Petioles 
In manj dicotjlcdonous plants, the angle between the stem and the 
petiole IS constant and characteristic, pronded the plant is \crtical 
Application of auxin disso!\ed in lanolin to the upper side of the petiole 
will cause it to be depressed and the increased angle between stem and 
petiole can thus fcr\c as basis for an a^^saj method Hitchcock (130) 
and Hitchcock and Zimmerman (138) ha\e used this method wnth 
tobacco and other plants (Tlic cuiwature of the petiole in nature is 
classified as an epinastj and not a geotropism because, although cau«cd 
by gra\utj it is not a curvature toward or awaj from the earth, but 
toward or awaj from the stem The direction of curvature is thus 
determined bj the structure of the organs concerned ) It is to be 
presumed that the curv ature is due to acecleration of growth on the side 
to which auxin is applied as in the other tests above though analj-sis of 
the curvature in this sense has not been made It is well to point out 
that tests such as this w ith intact green plants growing in the light are 
open to an important objection, namely that the test object is already 
rich in auxin so that applied substances, even if they have no true 
activity, may give an effect through an action on the auxin already 
present It is probably for this reason that some organic acids which 
are not auxins at all, show activity m this method Relative activnties 
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of different auxins in causing cpmasty aro roughly in the same order as 
for causing cur^atu^e and gall formation in green plants, but not the 
same as for the Aiena test (122) 

F Other Methods 

Methods depending on the formation or inhibition of roots or buds 
will be discussed in appropriate sections beloM A few of these have been 
used as assay methods in the past but at present they are used mainly in 
the studies of the phenomena concerned and not as assays Avena 
coleoptiles have occasionallj been used, intact or decapitated, with the 
auxin applied in lanolin, the sensitivity is 10-50 times less than with agar 
(Brecht, 60, Avery el al , 14) In many cases it is desired to assay for 
a particular type of activity such as growth inhibition of shoots (Section 
VII, D) or parthenocarpic fruit formation (Section VIII, B) Certain 
auxins, particularly the alkjl esters of the acids, are eJTecti\e in the vapor 
form (375), their action has been assajed by epmasty (above) or by 
morphogenetic effect on developing buds (see Section III of Chapter 
III) The swellings produced by applying auxin in lanohn to the decapi- 
tated stems of Vtctafaba seedlings have been utihsed for an assay method 
by Laibach and Fischnich (182) The increase in diameter, measured 
after four da>’s in the dark, is proportional to the logarithm of the auxin 
concentration up to a limiting value 

m. Chemistry of Auxms 
A “Auxin A and D" 

In view of the importance of the coleoptiles of the grasses, especially 
oats, m the carl} work, it would be expected that efforts would be made 
to Isolate auxins from this material However, the quantities present 
are far too small First steps toward isolation were made by the dis- 
covery of auxin m v anous commercial enzyme preparations by Seubert 
(269), m cultures of several fungi including Rhteopus suinua by Nielsen 
(216,217), and in human urine by Kogl and Haagen Smit (162 cf 164) 

From the ether-soluble fraction of acidified urine, by an extensive 
iiftwa cJ /Aarijruiat)nns\. mvnlving a concentration of 21,000 times, Kb?l, 
Haagen Smit, and Erxleben (163) isolated an acid, termed "auxin a," 
CuHjjOi, and also its lactone Turning their attention to plant mate- 
rial they analyzed a number of samples of cereal seeds and selected a com 
germ oil and a malt sample which appeared to have very high auxin 
contents From these were isolated both the auxin a above and a new 
acid, CijHibO^, named "auxin 6” (160) The degree of concentration 
required was 100,000 times for the malt and 300,000 times for the com 
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oil The iv .0 substances are closely related, the former being a tn- 
hydroxy and the latter a ketohydroxy acid; 

(CiilIij)CIIOnCIIj(CnOH)*COOn AuxcntrioHc acid, "auxin a" 

(CjjH»j)CII0nCI!tC0CIIjC001I Atixenolonic acid, "auxin b" 

The "auxin a" lactone is comidered to have the 1,6-lactone form 

In spite of the small amounts asailabic (less than 1 g of total actne 
crystals), K6 r 1 ami I'rxlebcn established tlic structure of the Cn residue 
as 2,4-di-3Cc-but3l-A'-C3eloj)entone and confirmed this b^* the identity 
of the substituted glutaric acid, ol>tAined by oxidati\e breakdown, with 
a synthetic product, 2.3-d>isobut3lgltitanc acid, II The full formula cf 
auxin a is therefore I 

Clt. 

c,ii.Siicii-cciioiicn,ciioiiciioncooii 

"■< 

C,TI.C1ICII-CH 

(!:n. I 

Clli 

c,n,un-cn-ro(m 

ciii <!:Hi 

c,ii.<!:n—An— coon 

II 

On standing in the dark, the double bond shifts to the side chain and the 
hydroxyl to the ring to produce an inactixo substance, pseudoauxin a 
(p 19) Auxin a lactone undergoes a similar change with less of water 
This and related changes may play a role in phototropism (see Section V) 

B Inpoi,e-3-Acxtic Acip 

In extending their work on urine, Kogl, Haagen Smit, and Endeben 
(1G5) found that a large part of the auxin present was destroyed by 
attempts to lactonize with hydrochloric acid in methanol A modi- 
fied isolation method theixupon led to the identification of indole-3-acetic 
acid as a third actue compound Its activity in the Aiena test is prob- 
ably about half that of auxin o or 6 Kogl and Kostermans (168) also 
isolated this substance from yeast plasmolyxate 

Working independently on the auxin produced by Rhizopus suinus 
cultures, Thimann (310) showed by isolation that this also is indole-3- 
acetic acid At first it w as thought that indoleacetic acid is typically a 
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product of microorganisms and not a true hormone of higher plants, and 
It was accordingly named by K6gl etal '‘heteioauxin," but Haagen Smit 
and co-workers (125) subsequently isolated it in pure form from alkali 
hydrolyzed corn meal and indicated that most of the actmty of the 
hydrolyzed meal was due to indoleacetic acid lather than auxin a 
Haagen Smit ct al , (124) later obtained it also from the endosperm of 
immature corn grams Gordon and Wiidman (102 103) have brought 
forward evndence that alkali treatment produces traces of indoleacotic 
acid from the tryptophane in a number of proteins (see below) but thi'^ 
IS not likely to be the main source of the lodolcacctic acid isolated 
Instability to hot acid and stabihtv to alkali indicate that the auxin 
extracted from many higher plants (237, and sec Section D below) is of 
the indole tyjie It is probable therefore that indoleacetic is widely 
distributed in higher plants perhaps more rndcly than auxin a and h 
and it is evKlentU a true plant hormone Tlie high specificity of the 
indoleacetic acid mactnatuig enzyme of the pra plant (306) al»o pomt« 
in this direction some workers believe auxin o and b occur onlv rarely 

Besides indoleacetic acid, indolcacctaldchy de also occurs m plants 
particularly m dark grown Pwtm Vtcta Ilchantkus and Brossieo (187) 
The aldehyde is readily oxidized to the acid by Schardmger s enzyme 
from milk, or by contact with soil It behaves as a “neutral auxin," 
and was discovered through its presence in the neutral fraction by Larsen 
who purified extracts by shaking out from ether at different pH Its 
identity was established by conversion to indoleacetic acid and various 
other tests Its widespread occurrence is of course, further evidence 
for the importance of indole derivatives as plant hormones 

C Stnihetic Substances Not Knowtv tO Occur Naturallv 

A great number of related compounds have been prepared and tested 
The results depend to some extent on the assay used The Atena test is 
highly specific Besides the above compounds only the lower alkyl 
esters and two of the methyl derivatives of indoleacetic acid (169), the 
isostere indene-3 acetic acid (3U) and indole-3-butync and 1 naphtha 
leneacetic acids (360), show appreciable activity in this test The 
potassium or sodium salts show about the same activity as the free acids 
prov ided the solutions are not buffered A few other substances show 
activity in very high concentrations only, frequently producing very 
short apical curved zones Phcnylbutjnc ncid, which is inactive bi 
itself, inhibits the effect of indoleacetic acid, by competition (272a) or 
perhaps by a more complex mechanism This substance (and also 
cyclohexancacetic acid) greatly increases the auxin curvature in the pea 
test (353) This is explained by W ent (353 356) m terms of tw o proces 
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ses, one, the “prepiratorj ” reaction, cm be earned out b> substance* 
inactuc as auxins, \\hilc the other, the “grov,th’' reaction proper, 
requires the chemical structurea discussed below 

Straight growth of isolated stem or colcoptile sections (see Section 
II, C) 13 less specific, and the cunaturc of immersed slit stems (Section 
If, D) or other methods still less so Hence the actuitj of a given 
Bjnthclic auxin, relative to a standard such os indolcacctic acid, vanes 
with the t> pc of test This >s illustrated bj Table I (from Thimann and 
Schneider, 1039), which not onl> shows the difference m spccificitj of 
the tests, but also illustrates how compounds inactive, or almost so, m 
one test ma^ show high activit> in others However, the order in which 
the substances fall is nearly the same m each test (see also the data of 
Gustafson 122) 

Using the slit pea stem cunatiircs, Haagen Smit and Dent (126) 
and Kocpfli, Tliimmn, and Went (167) have tabulated the activities 
of a large number of related compounds, and \ cldstra (1944a) has added 
a number more Using cpmast) and the changes m shape of joung 
tomato leaves, Zimmerman and IlitchcocV. (372) and Zimmerman (370) 
have added a further large group, including the highl> active nng 


TADLE I 

ncLATTve AcTnrrr or Sot Auxins* 


Acid 

Cunaturc 
of slit 
aCenis of 
riaunt 

Straight 
growth 
of Fiium 
sections 

Straight 
growth 
of Arena 
sections 

Cun ature 
in 

standard 
Arena test 

baphlhalcne-l acetic 

370 

23 

m 

2 5 

IndoIe-3>butyne 

100 

22 


8 

Indolc-3>propiooic 

150 

8 


0 1 

Phenjlacetic 

10 

0 4 


0 02 

Benzofurane-S-scctic 

6 

0 3 

0 11 

0 02 

Phcnylbutj nc 

3 

0 OS 

0 00 

0 005 


•Activity of indofe-3 acetic acid brought to 100% for each test (From Tbanann 
and Schneider, 328 ) 


substituted derivatives p-cbJon>- and 2,4-dichlorophenox^ acetic acids 
Some approximate relativ e activities for the induction of seedless fruit 
(see Section \ III) hav e been given for these compounds by Zimmerman 
and Hitchcock (373) As might be expected, the ratios of the activities 
of various substances determined m this waj are not the same as by the 
above methods 

In spite of all this work, it is stiU not possible to male a really bmdmg 
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Statement as to the structural requirements for auxin acti\ity The 
difference betueen the tests, mentioned ab<i\e, is in part due to the neces- 
sitj for the substance to be transported through the plant tissue in tests 
using agar blocks, but not in tests using immersion m a solution Some 
substances, though highly active locally, are not readily transportable 
This important limitation, brought to light vvath indeneacetic and benzo- 
furaneacctic acids bj Thimann (311), was confirmed for several sub- 
stances b) Went and IVTiite (361) m transport experiments, which are 
discussed in Section IV, A Then, too, the stability of the substance to 
plant cnzjTncs, its permcabilitj through cell membranes, and the fraction 
present in undissociated form (29,31) all influence the responses, the Ia«t 
because the ionized salt form docs not penetrate into the cell rcadilj, 
as<?Uow'nbj Mbaumet al (4) A correction for the extent of dissociation 
increases the apparent activity of manj substances m the pea test The 
influences of these modify mg factors are discussed m Went and Thimann, 
Chapter 8 (360), and by Went (353,355), and more recently by Veldstra 
(339) The auxin-mactivatiog en^me in pea plants is highlj specific 
for indolcacctic acid (Tang and Bonner, 806), this might cause this sub- 
stance to show a lower activity than other, unnatural, compounds 

These factors can as a first approximation all be considered second- 
ary, the primary one being the ability to cause cell enlargement when 
present in the cell Using this entenon of primary activit}, Ivoepfli, 
Thimann, and Went (157) stated the following structural requirements 
(/) A nng sjstem as nucleus, (2) A double bond in the ring, (S) A side 
chain contaimng a carboxyl group (or an ester or amide readdj converti- 
ble to a carboxjl), (4) A distance of at least one carbon atom between 
this group and the nng, and (5) A particular space relationship between 
the carbox>l and the nog 

As to 1, no aliphatic compounds tested have shown activity 
As to 2, dihjdromdoleacetic acid and ^hydroauxin a are inactive, so 
IS cyclohexane acetic acid A number of compounds with unsaturation 
m the side chain but not in the nng, such as p^eudoauxin a, III, cj clo- 
hexylideneacetic acid, IV, and bcnzofulveneacetic acid, V, are mactive 
(3), 5i5«K? M nested hat 

defimte activity of naphthyl-l-nitromethane (oc* form), VII, and indican, 
C4H,CH— C=CHCH,(CHOH)»COOH 

in. I 

CHOH 


CHCOOH 



m 


IV 



20 


‘^J'SNETII \ TiIlMAN\ 


CIl.COOH 



VI 

Napthalenr 1 
ncctic acid 


CH=NOOir 

I 



VII 

Napthaicne i nitrn 
(nci) nirthanc 



VIII, botli of wiiicli ha\t a^^id t»id(v chaina which are nut carbox}! groups 
(339) It mi} be that anj ppidic (ic , h>drogpn-ion-jiclding) group is 
cfTcctue to some extent Also napthaleneacctonitrilc and trj'ptaniine 
(271) show a slow acti\ it> , Uhich is doubtless due to con\ersion to a car- 
boxjlic group within the plqnt Tlierc is some c\idence, howe\cr, that 
naphthnlenc-l-nrotamidc I,V, is acme nilhoiit being hjdroJv zed (335a) 
CIUCONH, 



The actiMtj of ottrs ii$ not (iitirelj clear The data of K6gl and 
Kostermans (109), with tf\e /Iicno test, show decreasing activit) with 
increasing molecular weight of the alk>l-eMenOing group of indoleacetic 
acid, thc> therefore concluded that actmtj was due to hjdroljsis (bj 
plant esterases) to the free acid, which should go with decreasing rapidity 
as molecular weight of the group mcrca<^s Aa-ery etal (l-J)have 
found the esters to ha\c ahout the aamc actmty as the free acids, or 
somewhat loss in the case of naphthaicncacclic acid, this would agree 
wath the aboac \icw Ho\^e^er^ Zimmerman and Hitchcock (371,374) 
found, m cxpcrimentb with tomato plants, that at least the methyl ester of 
indolebutjric acid has slightly higher actiMtj than the free acid This 
migAC oi' couTbc uVw (o i^omc •'ccondarj property of the ester scrcA 
ease of penetration through the mtact epidermis contrast, the ester* 
of auxin a are mactne in the Aiena test (ICO) 

As to 4, the optimum distance is commonly one carbon atom, actmty 
decreasing wath mcrcasiog length of side chain, but there is some alter- 
nating effect, indolcbutj nc heing more actue than indolepropionic acid 
The carbon atom may be replaced by other hetero atoms In the case 
of phenoxy and napthox} ac.,ds the hetero atom o\>gen is present as well 
as the one carbon atom 
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Point 5 13 the most ill defined. The activity of ctVcmnamic acid ahd 
some of its derivatives, and the inactiidty of the Irana isomers, are among 
the main pieces of evidence. In the Atena test, the two optical isomers 
of a*(p-mdole)-propionic acid, X, have different activity, the (+) being 
thirty times as active as the (— ) (171), but, since the activity on immersed 
CH,— CH— COOH 



R 

X 


coIeopUle sections is identical, this difference apparently does not relate 
to primary growth actinty. It provides another example of the high 
specificity of the Avena test Veldstra (330) has postulated that the 
side chain must be perpendicular to the plane of the ring, and supports 
the argument by consideration of molecular models. He makes clear 
that in as«ciQnamic acid the side chain is perpendicular to the plane of 
the ring, while in the trans form both are m the same plane Even in 
napthalenc'l^acetic acid the position perpendicular to the ring is favored 
Yet it is difficult to see how introduction of halogen atoms into the ring 
could alter such spatial relationships Thus Zimmerman showed, with 
epinasty (370), that introduction of the ortho chlorine atom increased the 
activity of phenoxyacetic acid twenty times, the para chlorine atom by 
eighty times, while both together (2,4-dichloro derivative) increase it 
some 1200 times. In the pea test (335a) these four substances have the 
following activities, as per cent of that of indoleacetic acid 

Fhenoxyaeetic acid ra 0 

&-Cb1onphenoxyaceUc acid 4 

p-Chlorophenoxyacetic acid . 200 

2,4*Dieh]orophenox) acotie acid 1200 

While substitution in the ortho position might possibly have some effect 
ia orieatstha «?/ the side cksis, it seeijts h&idiy Ytk^y that substitfi'ihn 
in the para position could do so. There are numerous other examples of 
the same effect. The exact nature of the spatial relationships must 
therefore be left open for the present. 

D. Nature of Auxin Precursors 
The auxin in human urine clearly comes from the diet. The esters 
of auxin a are inactive, and some oils jneld auxin on hydrolysis vrith 
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hp-vse or w ith eodmm elhj late (160) Ingestion of natural oils increased 
the auxin content of urine, while hydrogenated oils, pure protein, and 
sugar did not (103) Indoleacctic acid in unne, similarlj, comes from 
ingested protein (125), wheat giMng a particularly clear ri«o in unne 
auxin as soon ns one hour after feeding 

As was mentioned in Section II, the auxin produced in the colcoptile 
tip, or in the apical part of the stump in “regeneration,” is formed from a 
precursor in the seed This was first made probable by Cholodny (61), 
who showed that soon after the seed was wetted auxin appeared This 
auxin docs not, ns claimed bj Pohl (242), traxel directly up into the 
coleoptile, but that which goes into the colcoptile tip travels up as an 
inactive precursor Tins was shown by Skoog (271), who placed agar 
blocks for a while on the slump of decapitated coleoptilcs and then 
showed that when applied one sidcdly to freshly decapitated colcoptiles 
(“deseeded test”) they caused no effect at first but slowly induced a 
curvature after two to six hours (341) 

Following the work of Thimann and Skoog (332), Gustafson (115,118), 
^\lldman and Gordon (305), and Thimann Skoog andByer(333)onlhe 
extraction of auxin from plant tissues, it has now become increasingly 
clear that many plant matcnnls yield auxin very slowly on extraction 
with ether, and that this auxm stems from proteins in the tissue The 
slow yield is due to a reaction with water, probably proteolysis, which 
liberates auxm This reaction is stopped by boiling (332) and this has 
been put to use for an assay of the free auxin in plant tissues by Gustafson 
(118) It IS also stopped by thorough drying (197,332) and at once 
resumed on adding water Proteolytic enzymes, especially chymo- 
trypsin, were found by Skoog and Thimann (274) to accelerate greatly 
the liberation of the auxin ^\lldman and Gordon (3G5) and Gordon 
and \\ildman (103) have obtained an auxin which is almost certainly 
indoleacctic acid from isolated plant proteins both from leaves and from 
seeds Since this auxin is best obtained by alkaline hydrolysis (25), 
some of it at least, doubtless derives from oxidative deamination of 
tryptophan However, this is probably not the whole story, for two 
good reasons (a) in the case of cabbage Icav cs the auxin y lelds are prob- 
ably too high to be ascribed to the tryptophan present, according to the 
determinations of Avery , Berger, and WTiite (15), and (b) auxins which 
may be either acid labile (t e , mdole denv ativ es) or alkali labile (pre- 
sumably auxin a or b) may be obtained from purified wheat proteins 

(Gordon 102) It is to be noted that Gordon’s wheat proteins were well 

characterized, which makes it highly improbable that the auxin could be 
merely an impurity' In any event particularly in the case of auxins 
bberated by enzymes there is no reason to doubt that, as was originally 
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postulated (333), true auxin-protcm complexes do occur These could, 
of course, serve as important auxin reserves for the plant 

The form m v\hich auxin occurs m seeds diiTers from that in other 
tissues The bulk of the auxin in the cereal grams is m bound form, in 
the endosperm, and only liberated by alkaline hydrolysis (13,125,130, 
333) It IS this matcnal nhich is indolcacctic acid, as shown by Haagen 
Smit ei of (124,125) and Berger and Avery (24,25) The quantities are 
large enough in com, * e 20-100 mg /kg , that it acts as an antivitamm 
in animal growth (ISO) However, some auxin is obtainable, largely 
from the embryo, by direct extraction with organic solvents, as in the 
isolations by Kogl and co-workers described above and this material is 
auxin a and 6 Thirdly , the addition of water to the endosperm liberates 
a moderate quantity, presumably by ensymic action Much of this was 
probably also bound in the dry state, either chemically as a precursor, or 
in some physical or adsorptive manner, as in dried Lmno, in which the 
auxin can be first liberated and then made unextractable by drying (332) 
Whether the vvater-extraclablc auxin in the gram is auxin a or indole- 
acctic acid is not clear Hatcher (130) has assumed that it represents 
free auxin, the alkali hydrolyxabJe part being the bound or precursor 
form, but there is not enough evidence for this yet The situation is 
complicated by Funke’a finding (88a) that part of the auxin m com 
endosperm is stable to hydrogen peroxide. 

In contrast to the grains no auxin is liberated from Lemna by alkali 
autoclaving although as with other green tissues, it is set free slowly by 
moist ether (118,332) as discussed above Cabbage (15) and spinach, 
however, do yield some auxin to alkali, though in the author’s unpublished 
experiments spinach leaf proteins gave much higher yields wnth chymo- 
trypsm than with alkali The purified auxin protein in spinach leaf 
cytoplasm docs not liberate its auxin readily, it is resistant even to 
vigorous electrodialy sis and sets free auxin only when actual proteolysis 
occurs, so that it is indeed a relatively stable complex (Bonner and Wild- 
man, 35) Between these two extremes there seem to be many inter- 
mediate states, in different tissues, in regard to ease of liberation 
(309,333) 

A true precursor, of course, would be a substance from which auxin 
IS continually produced, by plant enzymes, under normal conditions and 
m physiologically significant amounts It is by no means certain that 
the auxin proteins fulfil these criteria Neither papain-hydrogen cyanide 
nor the enzymes of autolyzing Lemna liberated any appreciable amount 
of auxin (333), and chyraotry psm, as far as is known, does not occur m 
plants Ficin, which does liberate nuxin from Lemna, is a plant enzyme, 
It IS true, but it is not known to be widely distributed The partial 
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libcrntion of nuxin on slow drying of leaves may be.cnrymic, but it is 
quantitatively rather small A true precursor system ^as, hovsever, 
studied by ^an 0\erboek (233) in the isolated coleoptile tip, ^\hich con- 
tinues fora long period to 3 ’ield auxin to agar blocks, although the amount 
«hich can be extracted from it by organic solvents at any time is relatively 
small (309) Berger and Avery (23,24) made a partial isolation of a 
true auxin precursor from com; this appears not to be a protein, having 
only 4 7 to C 49c nitrogen, but its nature remains unknown It jdelds 
indoleacctic acid on alkaline hydrolysis. TJie variation in amount of 
precursor and “free auxin" (but see comment above) with age and drjnng 
of the gram in rj'c lias been very thoroughly studied by Hatcher (130), 
who finds that the "free" form appears first and then decreases as the 
bound form increases and the grain ripens Some of these changes maj , 
howe\or, be duo to vanations in the amounts of inhibiting substances 
rather than m the true auxin (SSa). 

A more remarkable precursor was obtained earlier from radishes b) 
Stewart, Bcrgrcn, and Rcdcmann (297,299); this substance in the 
intact form actually inhibits growth of the Aieno coleoptile, giving 
marked ponlue cunaturcs, but on hydrolysis fields an auxin which is 
probably indolcacctic acid Its chemical nature is also unknown but it 
in thought to be a peptide The further study of this substance might be 
important in regard to inhibitions (see Section Vll), 

The ability to con^crt tiyptophan to Indolcacctic acid is probably 
widespread among microorganisms; this is doubtless the source of the 
auxin in fungus cultures, as shown by TTiiraann (510). Furthermore, 
this IS the most probable source of the large amounts of auxin produced 
in bacterial infections of plants such as legume root nodules and crown 
galls (sec Section VIII, A) Other plant infections resulting in patho- 
logical o>crgrowth (183,189) maj* have the same explanation, and indeed 
Link ei al (197) have shown that aphids are veiy rich in auxin; whether 
this was extracted from the leaves on A\hich they fed, or elaborated within 
the aphid is not clear, but in any exent either the removal or injection of 
auxin by the aphid may account for some of the growth effects caused bj 
these parasites As to higher plant's, the exddence as to their ability to 
con\ert tryptophan to indolcacctic acid under natural conditions is not 
perfect Tiyptophan cau'^es a slow curvature in the "deseeded” Aiena 
test, it causes straight growth of colcoptiles when applied to the base but 
not to the tio and it leads to root formation on pea cuttings (335,335a) 
On the other hand it cannot replace indoleacctic acid in stenle tissue cul- 
tures, as found b> Xob<5court (221) Unless the tests with higher plants 
are carried out under sterife conditions a positive result might alwajn be 
due to infection Because the growth effects produced by tryptophan 
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differ anatomicaljj from those caused by mdoleacetic acid, Kraus (174) 
claims that its action cannot be due to conversion to the latter compound 
But since onlj one concentration, m lanolin, was studied in his experi- 
ments, and since growth effects are characteristically dependent on con- 
centration, this conclusion is obviously unjustified The best evndence 
of com ersion is that of Wildman el of (3C4a), w ho obtained formation of 
an active auxin by spinach leaves infiltrated with tiyptophan within 
two to four hours The enryme 8>stem was present in dialyzed cyto- 
plasm prepared from the leaves and had its optimum pH at 7 5 There 
IS some evidence that the reaction goes via indolepyruvic acid (cf 310), 
m an} event it is an oxidative process 

The case of tiyptamine, which, like the precursor m the seed, is 
directly conv erted to auxin in the>ltcna coleoptile (271) is worth special 
mention, though its biological significance is not known Lnstl} the 
indoleacetaldehyde found by Larsen (187) in etiolated Ptsum and other 
plants must be considered under this head Larsen s extracts of neutral 
auxm, which had quite low activit}, were converted to highly active 
matenal, considered from diffusion measurements to be mdoleacetic acid, 
by treatment wnth soil or vnth a preparation of Schardinger oxidase In 
some cases the neutral material had no growth activity at all, which 
suggests that there is more than one neutral compound convertible to 
mdoleacetic acid There is no evidence here, though, that enz}me3 m 
the plant can carry out the conversion Hemberg (131a) finds a similar 
situation m potato tubers 

An interesting general scheme for auxin activity has been proposed 
by Skoog, Schneider, and Malan (272a), according to which the auxin 
molecule, envisaged as a kind of coenzyme, has to combine on the one 
hand vrith its substrate and on the other with an apoenryme Precursors 
could thus be of two kmds those in which the substrate-combining part 
is covered or distorted but can be corrected by the plant, e ff , tryptamine 
or indoleacetaldehyde, and those m wbicb the apoenzyme-combining 
part has been combined with some other molecule but can be freed under 
some conditions The latter have their substrate-combimng activit} 
intact and can therefore occupy the substrate to the exclusion of free 
auxin molecules, thus giving competitive inhibition (e.ff , phenylbutync 
acid) or even total inhibition (c j 7 the inhibitor of Stewart ef of desenbed 
on p 24) These authors point out that, if excess auxin were present, 
some molecules would combine only with the substrate and some only 
with the apoenzyme “thus effectively blocking each other from reacting " 
This would account for inhibitions of the type discussed m Section VII, 
A This mgemoua scheme has much to recommend it, though consider- 
ably more evidence would be needed to establish its vahdity 
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IV. Tran$port of Auxin 


A PoLAn TnANspoKT and Its Mechanism 
One of the most rcmtirkablo properties of In mg plant tissue is the 
stnctlj polar waj in ^hicli auxin is transported in it The polanty of 
shoots, particular!} in regard to bud development and root formation, 
has been rccognired from verj cnrlj times, and the polar transport of 
auxin provides an explanation for at feast manj such phenomena The 
earlier work on polar transport of auxin has been so full} reviewed (360, 
Chap G) that it needs onl} the briefest recapitulation here 

In seedlings phototropism is detected b> the tip and the stimulus 
conducted toward the base, movement in the reverse direction docs not 


normal 


inverse 



Fio 5 — I Dugrsm of transport expenmeDt Auxm u transported from afar 
block A through coleoptile section B to receiving block C Left nonnal transport 
right section inreried no transport Degree of shading indicates auxin concentra 
tion m agar 

Q Transmission of phototropic stimulus through nonnal (left) and inverted 
(right) section of coleoptile introduced between tip and base of another coleoptile 
(From ent and Thimann 360) 


occur Interposition between the tip and base of a section of inverted 
tissue prevents the movement (see Fig 5, JI), which is therefore strictly 
acropetal Auxin will be transported directly through a short section of 
Aitna coleoptile m the apex to-base direction, but not inverse!} (Fig 
5, I) The process is not one of diffusion, as was proved bj the expen 
ments of van der Weij (346), which were earned out as shown in Fig 5,1, 
the auxin m the blocks being determined by the Atoia test The mam 
results can be summanzed as follows 



n PLANT cnowrn hormones 


27 


(7) The temperature coefficient of the amount transported per unit 
time between 0® and 30*C is about 3, t c , that of a chemical reaction 
(2) The ^eIocltJ, howe\er, as measured bj the time taken for the first 
auxin to appear at the basal end of the conducting tissue, is about 12 
mm /hour in ^icno and is independent of temperature This is deter- 
mined bj extrapolation (sec Fig 6) (3) The concentration of auxin in 

the agar block at the receii mg end soon equals that in the donating 
block, and subsequentlj exceeds it, so that auxin must be actiiely trans 
ferred against its gradient (4) By etherizing the sections, polaritj 

10 % 


5% 


60 100 tSO 200 250 300 

MINUTES 

Fiq 0 transported as per cent of the amounts applied tbrougb 2-mm 
seetiesB of Aetna eoleoptilea as a function of tune m minutes Extrapolation of the 
curves of different temperatures indicates that they all cross the s axis at about 10 
minutes showing that transport velocity is independent of temperature between 0* 
and 22*C (From van der Weij 316 ) 

disappears and uith it also disappears the “actue" nature of the trans- 
port, it noM becomes essentially a diffusion process 

Auxin transport i3 thus like that of “objects along a moving band, the 
band goes at constant speed so that the number of objects arriving at the 
end per imit time is independent of the length, the time required for 
the first object to reach the end is proportional to the length of the band, 
if not remoied from the end the objects continue to pile up" (Went and 
Thimann, 360) Stems (see Beal, 21), petioles, hypocotyls and leaf 
% ema. heha-va Itbp coleopliles so far as they have been studied * Tissue 
cultures, especially of carrot and endive, demonstrate the polarity of 
auxin transport m many naj'S (Gautheret, 98, pp 161-166) Other 
auxins than mdoleacetic acid mo\e both more slouly and in smaller 
quantities per umt time The data of Went and White (361) yield the 
following rates in millimeters per hour through Avena coleoptiles 

* Unpublished expenmenta of W P Jacobs show that the polarity is far from 
strict in young PAaieolut hypocotyls 
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Inrtolcacctic acid 
Indolehutjric acid 
Anthraccncacctic acid 
Napthaicncacctic acid 
rii Cinnamic acid 


0 0 
6 C 
£ 4 
3 g 

Not detectable 


It should be added that lon{;itudinnl transport of auxin is not affected b} 
light (220), this 13 important for the understanding of phototropism (see 
Section \ ) 

Tlie mechanism bi which this actite transport is achieted is not 
understood Accumuhtion of solutes against a gradient, as bj roots 
or b> algae grow mg m \ erj dilute nutrient solutions, must m\ oh e a com- 
parable tj pc of actit e transport (352), but in this case in the lateral rather 
than the longitudinal direction Ans 2 has recently brought to light (10) 
a similar transport of ammo acids through the tentacles of Drosera, and 
Schumacher (205) described polar mo\emcnt of fluorescein in stem hairs 
of cucurbits The polaritj of auxin transport is therefore not an cntireh 
isolated phenomenon 

Vttempts ha\c been made to relate the transport to the clectncal 
polantj of the plant The apex of shoots is in general negatne to the 
base, as shoivn bj the carlj work of Lund (sec 200) with nonpolansable 
electrodes This apical negatnit} is still present lo short sections of 
stems or coleoptiles, and is largcl> abolished by elhcnration (04) The 
anion of a weak acid such os auxin would, of course, be transported from 
apex to base under such a potential Koch (153) showed that plant 
auxin in agir docs in fact moxc toward the anode, and Clark (63) con 
firmed this for pure mdolcacctic acid K6gl et al (167) showed essen- 
tiallj the same thing b> mnkmgtheagarblock in the /Itena test negative 
to the plant and passing a small current, which had the effect of increas- 
ing the resulting cur^aturc, doubtless bj increasing the rao^ement of 
auxin from the agar into the plant Then, too, coleoptiles and shoots 
placed in air or water between oppositclj charged poles cur\e toward the 
positnc polo (6 49 153) such curxaturc implies more growth on the side 
toward the negatne polo Electrolytic movement of auxin has even 
been produced directly in plant tissue by Koch (153), by inserting elec- 
trodes into opposite sides of sunflower hypocotjls, which were subse- 
(piontlj hahed and tested for auxin (by appljnng them to roots) The 
hjpocotjis here cur%ed toward the negative pole and the com ex half 
ga^e the greater curvature on the test roots These experiments all 
show that electrolytic moxement is possible, and takes place in the right 
direction But here the parallel ends, for the following reasons (/) * 
potential gradient of 50 volts/cm was needed for detectable transport- 
far higher than the electrical gradients observed in plants, (5) externally 
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applied potentials do not affect the polanty of auxin transport through 
coleoptile sections, e\en though they may re\erse the electnc polarity, 
(S) inverting the section wth respect to gravity inverts the electrical 
gradient but does not affect the auxm transport (63), and (^) treatment 
with 10-100 ppm of sodium glycochotate completely abolishes the 
transport but does not affect the electrical polarity, or indeed any other 
ob^nable property oS the coJeopt Je aeebon (scb TaWe JJ, from Oark 
64) 

The absence of any effect of low gljcocholatc concentrations on 
respiration, while auxin transport is wholly prevented is of interest since 

TABLE II 


LrPECT op Gltcocholxte on Vexts Trassport and Electrical Polarity op 
Coleoptile ^ecnoss 


Sections 1 

infiltrated 
with 

Units auxin 
transported 
in a hr 

Cm! be- 
ttrecn apex | 
( — ) and 
base (+) 
mv 

Tfo to- 
plumic 
atreamme 

Qo\ fin 
separate 
expta ) 

Appearance 
of tissue 

\N ater 

11 4 

10 

+ 

1 21 

Turgid 

Na gbcoeholate 

10 ppm 

0 

10 

+ 

1 22 

Turgid 

100 ppm 

0 

to 

+ 


Turgid 

1000 ppm 

0 

0 

- 


Flaccid 


normal respiration is apparently essential for transport of auxin into the 
section (33) The absence of any inhibiting effect on streaming suggests 
that transport does not take place in the streaming protoplasm Sitni- 
larlj, Schumacher (205) could obsene protoplasmic cyclosis going on 
simultaneously mth polar movement of fluorescein in the cells of the 
cucurbit hair 

As uiU be shoHD m the following section curvatures induced by 
gravnty involve a movement of auxin laterally across the coleoptile or 
stem Here also it has been thought that an electrical gradient resulting 
from gravity, might be responsible, and long ago Brauner (47,48) showed 
that indeed the under side of a stem placed horizontal becomes electro 
positive to the upper side (the “gecelectnc effect") The potential 
difference due to gravity is established before any curvature occurs, and 
there are several very suggestive relations between the potential and the 
subsequent auxin transport brought out by Schrank (264) No causal 
relationship has as yet been established however 
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It can only be concluded that auxin transport is not directly related to 
electric polarity; it is in home way related to respiratory proccsj-cs but the 
link can readily bo broken without damaging tlie«e procc‘><es 

II Upw \iiD TnAN<iroKT 

There are two conditions under which auxin is transported upward, 
I e , from base to ojicx The first is when it is applied to the upward- 
moving transpiration btream, ns by |Kiunng a solution on the soil (137) 
or adding auxin to a nutrient solution in which btem cuttings (138) or 
roots (272) arc immersed In such cases, so long ns transpiration occurs, 
the auxin is pa<!si\cly carried upward in the xjicm m tlie same way as 
salts or djes and the amount nbi>orl)e<l parallels the absorption of water 
It 13 a function of the transpiration rate but is also influenced by the con- 
centration of salts m bolution Skoog has, however, shown (272) in 
extonsne expenmenta with tomato stems that auxin taken up in this way 
then mov os laterally into the surrounding In ing tissues and is re-exported 
downward by the normal polar transport. 

The other condition is when very* high concentrations arc applied 
\\ent and White (301), taking every precaution to avoid leakage along 
surfaces, still obtained inverse transport in the colcoptilc when concen- 
trations of 1000 mg /I indoleacctic acid were used Snow (2S2, see al-o 
2SI) obtained curvatures apical to the point of application by using 
fairly high concentrations in lanolin, the effect was more marked when 
the application was close to the vascular bundle, so that it probably 
involved movement in the transpiration stream also Stewart (298) 
showed by Aiena tests that auxin moved upward when very strong (2%) 
paste was applied to the first intomodc of a young bean plant 
It IS probable that these effects arc due to the toxicity of high auxin 
concentrations 

Finally’ mention may’ be made of the interesting case of inverted 
cuttings, 1 e , cuttings rooted at the apex, budding from the base, and 
planted inv crscly’ In such cuttings there is a gradual dev elopment of a 
new senes of cells from the shoots to the roots, opposite in polarity to 
those originally present, and correspondingly Wont (357) found that at 
first ..he auxin transport is apex-to-base polar, but gradually base-to-apex 
transport appears as well Normal cuttings show no such change Th>8 
phenomenon only’ serves to emphasize the strictly’ polar nature of auxin 
transport under normal phy’siological conditions 

V. Role of Auxin in Tropisms 

Although it was through tropisms that the role of the “growth sub- 
stance ” w as first discov ered (see Section I) interest in the past ten y’ears 
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has shifted awaj from this aspect The majority of the facts ha\ e been 
discussed in detail by ‘Went and Thimann (3CO), for phototropism the 
older literature is treated tn citenso bj DuBu> and Isuembergk (56) and 
more recent summaries are ei\ on by \ an Ov erbcck (23 1 ) and by Oppeno- 
orth (225) OnI> the briefest outline will therefore be gi\en here 

A Geotrofism 

Geotropism is the cur\ ature of shoots aw ay from the earth (negalu e) 
or of roots toward it (positu e) The latter is not well understood because 
the role of auxin in the growth of roots is not clear Tlie former, how- 
ever, is explained 'atisfactonly b> the Cholodnj-Wcnt theorj,* namelj, 
that when a shoot is horizontal more auxin moves to the lower side than 
to the upper, the lower side therefore grows more, causing upward curv a- 
ture (Cholodnj, GO) First worked out b> Dolk (78) for colcoptiles by 
allowing the auxin from upper and lower halves to diffii^t into two sepa- 
rate agar blocks, this experimental analj*sis of geotropism has since been 
generallj accepted for all grow mg shoots, it has been confirmed by sev eral 
workers (45,76) and mth both extraction and diffusion methods Inci- 
dentallj it provadcs one of the best illustrations of the strict limitation of 
growth bj auxin supply instead of the two halves each receiving 60% 
of the available auxin the lower receives some 65-70%, and this differ- 
ence IS sufficient to cau«e immediate geotropic curvature 

Gravity does not of it«elf cause anj increase in the total growth rate 
("geogrowth” reaction) (78) nor m the auxin production rate (76) or 
total auxin content, except in the mature nodes of grasses, which when 
placed horizontal begin to form auxin afresh (261), the same phenomenon 
occurs in sugar cane (234) and is apparcntl> due to the liberation of free 
auxin from a bound form It is worth noting that “la^ " maize, which 
IS insensitive to gravnty and grows honzoutal, docs not show the normal 
accumulation of auxin on its lower side but accumulates a slight excess 
about 55%) on the upper side, as shown by van Overbeek (229) and 
Shafer (270), many other prostrate and “lazj” plants, however, show 
normal geotropic respon*^ (185) (see p 34) Another interesting 
exception is furnished bj the action of ethjlene, which causes positive 
geotropism in shoots of Vxcia, here an excess of auxin accumulates on the 
upper side instead of the loner (17S) so that etJoIene must influence the 
transverse transport of auxin, a phenomenon extensively studied bj 
BorgstrSm (36) 

It should be added that the auxm transported laterally is only the 
free-moving auxin of the coleoptile This was made clear from Went’s 
studies (358) of the relation between diffusible and extractable auxm m 

‘ So called because it was proposed by Oiolodny and confirmed by Went 



32 


KENNETn V. TniMANK 


regard to growth and tropiama After decapitation, the gcotropic seoa- 
tivity falls to verj’ low values (78) and docs not reappear again until new 
auxin production occurs (“regeneration") 2 6 hours later. The total 
extractable auxin, howexer, only falls to about 50% of the initial xalue 
before regeneration sets in On the other hand, the frcc-mox-ing auxin, 
determined by diffusion out of the tip, falls, like the gcotropic sensitivity, 
almost to zero, until regeneration starts, TliiJs it is the diffusible auxjo 
which 18 redistributed by gravity 

The mechanism by which auxin is transported laterally under the 
influence of gravity is unknown Attempts to correlate it with “geo- 
olcctric potentials " have been without success, as discussed in Section IV 
for normal transport It would seem that gravity can only be perceived 
by something falling; the older literature ascribed much importance to 
small starch grams, the “statoliths" of Habcrlandt, but as yet no relation 
between the movement of the<e and the movement of auxin has been 
established 

li PllOTOTnOPlSil 

Phototropic curvatures arc more complex, since they vary both 
quantitatively and qualitatively with light intensity. In the Avtna 
colcoptilc, which has been most studied, curvature takes place toward 
the light (positive phototropism) under low light quantitico, away from 
it (negative) at higher, and toward it again at still higher. Tor the first 
positive curvature (at 20-100 meter candle seconds), Wont showed in 
192S that more auxin diffuses from the dark side of the tip than from the 
lighted side Similarly, for the negative curvature (at 1400 meter candle 
seconds), Asana found more auxin diffusing from the light side of the tip 
(11). These results suggest the simple Cholodny-Wcnt theory, namely, 
that light causes lateral movement of the auxin which is responsible for 
the curvature They explain the earlier experiment of Bojscn-Jcnsen 
(43), who divided the coleoptilc tip longitudinally with a fragment of 
glass, when this was done parallel to the direction of the light, curv’sture 
took place, but, when perpendicular to the direction of the light, curva- 
ture was prevented, presumably by stopping the lateral transport 
Further, the same lateral transport to the dark side w as found in seedlings 
of two dicotyledons Raphanus by diffusion (220) and Phaseolua by 
extraction with chloroform (45) Light does not affect the normal 
longitudinal transport of ouxm (226,299a, but cf. 55a) 

However, there is another effect, namely, that a given amount o 
auxin produces more grow th in the dark than in the light (220,331) 
sofar as low light intensities are concerned, this appears to be due to a 
destruction of auxin — probably auxin a (166) — by light In his origma 
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“redistnbution” experiments Went (348) found by diffusion less total 
auxin (dark and light sides combined) after illumination than in dark 
controls, and this was confirmed mth the ether extraction method, both 
by Stewart and Went (299a) and by Oppenoorth (225) The extent of 
inactivation does not seem to increase xery much inth time of exposure, 
at least as far as the data go , one second of sunlight caused about as much 
inactixation as sixty seconds (299a) The destruction is of the order of 
25% and is accompanied or followed by the shifting of the auxin toward 
the dark side (55a, 225) Longer exposures cause an increased synthesis 
of auxin (225), which is discussed below 

The mechanism of this effect has been extensively studied by Kogl 
and colleagues at Utrecht Koningsberger (173) found in 1936 that 
auxin 0 lactone show s ultraviolet absorption due to its v cry rapid con- 
version to an inactive product, ‘'pseudo-auxone”,even the weak irradia- 
tion needed to deterrmne its uUravnolet absorption spectrum inactivates 
80-100% of the auxin activitj (161) Since the free ncid (auxin o) and 
its lactone are in equilibrium in weakly acid solution and *!ince only very 
weak light is necessary,* there is here a mcchamsm for inactivation bj 
light TMiat is more important is that the inacliv action ma> occur in 
the vnsible spectrum through the mediation of suspensions of carotene 
(170, 2GG) Both o- and ^-carotenes and some other carotenoids are 
effective Since carotene is present in the coleoptile (343) and particu- 
larly in the apical two millimeters (52), it can hardly be doubted that 
through this 8>*8tem auxin a is destro>ed tn sxu b> light Further, the 
spectral sensitivity of the coleoptile to light (19,148) agrees well with 
the absorption spectrum of a carotenoid This is, then, a second mech- 
anism for phototropic curvature 

There are two further points m regard to photomactivation The 
first 13 that m the Iight-ssnsitive sporangiophores of certain fungi, Phy- 
comyces and Ptlobolus, the curvature also follows the carotene absorption 
(52,53) and a small part at least of the auxin present is auxin a (172) 
These facts and the presence of carotene, demonstrated by Bilnning (52) 
indicate that here also curvature might be due to photomactivation of 
auxin a lactone sensitized by carotene Indeed, Kogl and Verkaaik (172) 
have no hesitaCioa la dcamag this cooelustoa, BUkough undoubtedly 
most of the auxin of Pkycomyces is indoleacetic acid, as was shown first 
by the diffusion constant determinations of Heyn (134) Furthermore, 
we hav e as j et no evidence that the growth of fungal hyphae is controlled 
by auxin Hence this explanation for phototropism in the fungi needs 
far more support 

• The "quantum yield ’ la atated to be very high— of the order of a milhon or more 
( 170 ) 



34 


KFSVETII \ TIlIilAVV 


The second is tlmt, in Rrwn pinnts cxpo'^cd to tlic rclatnclj hi^ 
intcn‘«ilics of dnjlipht, c\cn indolcicctic ncid produces less growth than 
in tlie dark, ns shown b\ 'Ihimann and Skoog (331) Flongation of all 
plant stems is, of course, reduced bj bright light, and indolcacetic acid 
as wc hn%e ‘^ecn above, occurs widely as an auxin As jet, there is not 
much quantitative information known about the photoinactivation of 
this substance, though in solution it docs suffer a rather «low light- 
accelerated decomposition (Algous, (5)) ^ In cnide plant extracts, which 
contain traces of carotene, >t is rapidl} inactivated b} sunlight (187), 
and the same is true when indolcacctic acid is dissolved in agar It 
13 therefore cntirclj possible that phototropism maj be mediated by 
indolcacctic acid and is not as formerly supposed, dependent on auxin a 

I inallv the effect of lighten auxin sjntlicsis must be mentioned All 
plants studied form more auxin in light than in dark (313 331), and on 
placing in complete darkness auxin rnpully disappears (see discussions 
in ent and Thimann, 3G0 Chapter 4, and mliojsen-Jenscn 46 Chapter 
4 Oppenoorth (225) has, however, found that an increased sjnthe-is 
appears within a few minutes after illumination of colcoptiles vnth 
moderately liigh intensities (3000-26000 ergs/cm *), and considers that 
the negative curvature and the second positive curvature arc largely due 
to differences in auxin synthesis on the two sides The mercased auxin 
produced, insofar as it is auxin a, wall of course equilibrate wath its lactone 
and then be inactivated by light, and no doubt under long exposure, or 
continuous illumination, the tw o processes w ill keep pace On the other 
hand the increase may well be due to indolcacctic acid, for Lar«cn (187) 
found that when etiolated scoilhngs arc exposed to light the (presump- 
tive) indolcacctaldchydc decreases and acid auxin increases This 
Mtwplw owd&tvow TOvght accoviwt. for %\ich w nvpvd rate of formation of 
auxin 

V number of plants particularly among tlio grasses, grow prostrate 
in the field and Langham (185) has shown that in many of them this 
behavior is due to negative phototropism in sunlight, while in weaker 
light intensities they show normal positive phototropism In connection 
with Asana s work mentioned obove»an auxin analysis of these would be 
very valuable It is important to note that "laziness” may tbusbedue 
to interference either with geotropism or phototropism (see p 31) 

C Other Tropisus 

The geotropism of roots seems to agree with the Cholodny ^\ent 
theory Root elongation is inhibited by auxin, except in the v ery lowes 

’ The paper of Algeus contains an excellent discussion of the effect of auxin on 
unicellular algae 
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concentrations (Section VII, B), and correspondingly thort is good p\i 
dence that when roots are placed horuontal auxin accumulates on the 
lower side, reducing growth there and thus causing downward (positne) 
cur\ature Traumatotropism, or curxature toward a wound, is due to 
tw 0 factors the w ound interferes with the transport of auxin, and enzj mes 
set free by the killed cells rapidly inactivate auxin by oxidation Both 
processes act in the same direction, i e , to cau^e less grow th on the 
wounded side Other tropisms have been as jet insufficiently studied 
A fuller discussion of tropisms will be found m ref 360 (Chap 10) 

VI Root Formation 

The formation of roots on pieces of stem or “cuttings" was studied by 
early physiologists as a parallel case to the regeneration of organs in 
mvertebrates However, while the problems of regeneration are almost 
as obscure now as they w ere at the turn of the century , the nature of root 
formation has been considerably elucidated, mainly through the dis- 
covery of the role of auxin 

A AtrtIV AS A RoOT-rORMlNO HORStONE 

The idea of an internal factor or hormone which controls rooting was 
first brought out by van dcr Lek (191) who showed that when pre- 
formed root imtials are not pre«ent, new roots arc formed strictly at the 
base of a stem section buds on the stem promote formation of roots 
below them and if the cortex below the bud is removed this effect is pre- 
vented Tlius he postulated a root forming hormone produced by buds 
and travelling dovmward m the phloem (see Section IV) Following his 
work on auxin m the coleoptile, \tent (349) showed that a diffusate from 
leaves, applied to the apex of a cutting increased the number of roots 
formed, and Bouillenne and V> ent (40) then found that diastase and rice 
polishings extract w ere effectiv c These workers also found that applica- 
tion of sugar increases the number of roots formed, and they distinguished 
between its nutritive effect and the effect of the hormone, which is trans- 
ported in a polar direction from apex to base only The distinction 
Vyelx>teTi wwtrwwts, stored vo. CQtyfedons etc y and special root-CocTOing 
substances was also brought out by NSraec (215), whose ideas, developed 
independently, are similar to those of Bouillenne and Went m some 
respects 

Using the standard test of Went (350) with stem sections from 
etiolated pea seedlings, Thimann and Went (335) began the isolation of 
the root forming hormone but soon found that the richest sources were 
materials bke Rhizopus medium and urme extracts (see p 16) which 
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ucrc rich m auxin, the root forming activitj accompanied the auxin 
nctuit> through extraction with xanous Bolvcnls and all purification 
stages and the chemical properties of the tno hormones appeared to be 
identical Tlie identit) was finallj pro\cd a fen months later in two 
laboratories when sjntictic mdolcacctic acid nas shorni to haac hi^ 
actu it> for root formation on pea stems (Thimann and Koepfli 323) and 
purified auxin a on Tradescantta stems (K6gl 158) the latter plant 
material had just prcMouslj been shonn to produce roots nl en treated 
with extracts of urme or pollen bj laibaeh MQllcr and Schafer (183) 
(■icc also 181) 

Tie tliscoierj that root formation on cuttings is induced bj auxin 
and tl 0 ax ailabilit3 of sj ntlietic auxins ha\ e led to a a ast amount of work 
on the api hcation of this technique in horticultural practice The root- 
ing of cuttings is one of tl c mam practical methods of propagation of 
cour«c and much of the htemlurc deals with conditions and concentra 
tions of auxin most suitable for particular plants An excellent renew 
and a long table of results arranged b> plant species and \anet> has been 
pubhsl ed b> Pcarso (240) and another long group of tables by Mitchell 
and Rtcc (20o) a still more complete listing has just appeared (317a) 

B Substances Actixe 

In general all substances ixhich haxc grouth promoting setinty 
in one of the standard tests (see Section II) appear to be active m root 
formation \ftcr mdolcacctic acid and auxin a and 6 had been «5hown 
to be active indolepropionic acid xerj xxcaklj bo and mdolecarboxybc 
acid quite innctix e (323) Z mmerman and WIcoxon (376) added a napb- 
thalcncacctic indolcbutvnc phenjlacetic and fluoreneacetic acids in 
approximatclj that order of efTectivcncss Thimann (311) added indene- 
acctic and coumarane 2 acetic acids and showed that these txxo sub- 
stances are poorlj transported but aro fully aclixe when applied to the 
base of the intcrnode where the roots were produced There is some 
uncertaintj wath phenylacelic acid which appears to have no true root- 
formingactivjty and >et to bennauxmm other respects (354) Phenoxy 
and naptfioxj acetic acids and tficir efifonnafed rfenv afiv es afso Dsphikf} 
acetamide naphthjlmetbjlsulfonic acid and 4 methylthiarole-5-aoetic 
acid (339) are all activ c The esters of some of these are almost as active 

as the acids and being volatile can be applied to the whole plant in vapor 
form 'Seldstra (339) las tabulated the relative activities of a great 
many substances for root formation 

C Imebactioas between Factobs 
It IS a peculiar fact that the combmation of tw o auxins wall 
produce more roots per cuttmg than one acting alone This was 
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«ihown for the combination of aiL\m a with mdoleacetic acid (360, p 195) 
and later for mdoleacetic with naphthalcneacctic acid (9), for indole- 
acetic with phenjlacetic acid (354), and for mdolebutjnc with naph- 
thaleneacetic acid (139) Such effects arc hard to explain, since it seems 
unlikcl> that each auxin can exert a fundamentally different effect and 
that these can then be summated In the Aiena test a w cak auxin may 
actuallj inhibit the action of a atronger one (272a) It might be, of 
course, that certain cells or tissues cnaymicallj dcstroj one auxin rather 
than another so that a single auxin cannot be effective on all tissues 
Dent (354) considers that root formation involves two processes, the 
first of which can be carried out by substances which are not necessarily 
auxm-active (“hemiauxins”) while the second requires a true auxin, his 
experiments used successive treatments rather than mixtures 

The combined action of auxin and nutrients is more readily under- 
stood, for the formation of roots and their subsequent grow th involv es the 
lajnng dow n of cell w alls and sj othesis of protoplasm Treatment with 
sugar, particularly with etiolated cuttings deprived of food reserves, 
often promotes rooting (40 350), but even woody cuttings (83,236 321, 
322) are often benefited Since cuttings arc essentially starved during 
the ordinary process of rooting in the nursery bench, other nutrients are 
sometimes also effective Complete nutrient solutions (21,107 325) may 
be used, but the calcium and magnesium may have inhibiting effects 
(325), and it seems rather that the principal constituents needed arc 
nitrogenous, especially nitrate or ammonium, and ndenme or other 
punnes (77,236 325) The supply of organic nitrogen and of carbohj- 
drates probabli accounts for the favorable effect of leaves on cuttings 
which 13 often proportional to the number of leaves present (144,248), 
indeed the effect of the leaves can be duplicated bj a suitable combination 
of sucrose and nitrogen (236) 

The grow th of isolated roots in culture solutions in wtro is dependent 
upon thiamin (see following chapter), and while it might be thought that 
the minute amounts of thiamm needed for root growth on cuttings could 
be supplied bj the stem nevertheless thiamin does promote rooting of 
some cuttings (322,344) or subsequent growth after rooting (240) 
Other members of the vitamin B complex maj "be mentioned, biotm has a 
large effect on etiolated pea cuttings in auxin plus sugar (360, Chapter 
11) which has not been reported for other plants, while nicotinic acid and 
choline (236 325) are also favorable The role of an additional hormone- 
hke substance, "ihiiocalme ” wll be discussed m Chapter HI 

D Anatomicai. Studies 

The mneteenth century botanists such as van Tieghem were much 
concerned with the specific tissues from which roots arose However 
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tlio auxin uork appears to sliov; that root mitnis maj produced m 
almost anj lixing tissue TIie> ha%e been reported m epidermis pen 
c>c]e, cndodermis, cortical parenchyma, and cun in pith, parficulariy h\ 
Dorn (79), Kraus el al (175), and Ilamncr and Kraus (129) In this 
scn'-c plant tissues approach the “totipotency " of the animal embryolo- 
gists In line With the older \ lews, howexer, roots do seem to arise more 
frequenth from the poricjele than elsewhere (128) 

E Methods op TnrsTMrsT 

Root formation on cuttings can, of course, be induced by application 
of auxm at the apical end, its polarity of transport leading to rapid 
accumulation at the base llowctcr, as mentioned in Section IV, the 
capacity for transport is limited so that, when high concentrations arc 
applied to the apex roofs will be formed there also Conversely, when 
high concentrations are applied to the base, roots are formed there only 
Since many active substances arc only poorly transported aI«o, the 
logical procedure is to apply to the base Concentrations from 025 
mg /I for sensitive herbs up to 200 mg /I for re«istant woody plants 
applied for 24 hours to the b3*e, are used in practice A fen seconds' 
dip m highly concentrated (several grams per liter) alcoholic solutions 
18 a practical alternative The cuttings may instead be dipped m tale 
containing the auxin enough adhering to the moist surface for effective 
action Auxin may also be applied in lanolm paste almost any'wherc on 
the cutting, this application is sometimes made a few days before the 
cutting IS removed from the plant Removal of epidermis, or even of the 
whole cortex or splitting of the cuttings at the base, greatly /aeihfafes 
auxin uptake in •'omc species (c p , Hubert el ol , 145) The resulting 
increase m rooting may however, be partly due to the wound stimulus 
Uptake of the solution is favored bv high transpiration or by partial 
drying of the cuttings beforehand (335a) 

Vn Phenomena of Inhibition and Toscity 
Ol' nruia* cunuuv AanVinw AK- piVfnvnbgy ^5V^ Ahe JU'xms is 
that while they promote so many growth processes, they also have 
growth inhibiting effects Two of the most marked of these are the 
inhibitions exerted on the development of buds and on the elongation of 
roots The inhibition of the development of an abscission layer at the 
base of petioles and fruitstalks has many features m common with oua 
inhibition Because the subject has been extensively revnewed (316) 
and because more recent work has thrown little fundamental hght on 
the phenomena a brief recapitulation here will suffice In addition t e 
general toxicity of the auxins, a subject wnth no direct beanng on t e 
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normal hormone phj'siologj of plants, will be discussed brieflj because 
of its important applications to agriculture 

A Bud Inhibition 
1 The Facts 

In dicotjledonous plants the stem apex is a terminal bud This bud 
normally produces auxin, mainly from the joung de\elopmg lea\es in it 
(12,17,331, see also 279), but also to some extent from the stem apex 
itself (101), and this auxin promotes the de\cIopment of the stem imme- 
diately below It Howexer, the same auxin also prevents the develop- 
ment of lateral buds lower dowm on the stem thus allowing the terminal 
bud to retain its "apical dominance' When the terminal bud is 
removed, as m pruning, one or more lateral buds (usually those in the 
most apical axils remaining) begin to develop, m so doing they also begin 
to produce auxin, which in turn inhibits the buds still lower down If, 
after remov al of the terminal bud, auxin is applied in its place, the lateral 
buds remain inhibited 

The first demonstration that bud inhibition is due to a diffusible sub- 
stance was made bj Snow (278), who showed that the inhibiting 
influence coming from the terminal bud in Vtctafaba could cross a dis- 
continuity of tissue, this experiment corresponds with those of Boyxen- 
Jensen and Padl for the promotion of grow’th (see Section I) Eight 
years later Thimaon and Skoog confirm‘*d Snow’s finding and identified 
the inhibiting influence with auxin, which at first (330,331) was obtained 
from Rhtzopus, and later (273) with pure lodolcacetic acid and auxin b 
Laibach also showed that an inhibiting substance diffused from pollen 
(180) Confirmation with numerous different plants soon followed 
(73,81,101,136,337) The concentrations needed for inhibition, though 
somewhat higher than for growth, are entirely phj Biological and not 
toxic, for lateral buds which have been inhibited in this waj resume their 
growth when the auxin source is removed (331) Several different 
natural and sjuthetic auxins have been shown to be effective (117,136, 
176,273 311) It should be mentioned that leaves also exert an inhibi- 
tion, though to a lesser extent than the terminal bud, as was shown 
earlier by DostAl (80) 


2 Mechanisms 

The way in which the inhibition is brought about is far from clear 
The many hypotheses have been reviewed by Snow (283) and Thimann 
(316) At first it was thought that the auxin at the apex (either produced 
naturally by the bud, or applied artificially after decapitation) in some 
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\\ay diverted to itself substances nccessarj’ for bud growth and thus 
starved tlic lateral buds (211,354; sec also the discussion in Section V of 
the follow ing chapter). This is similar to the view* of Goebel and other 
older botanists who considered that a growing apical bud maintained its 
dominance by using up the available nutrients A modification of this 
vnew IS that of I ermnn (85), who suggested that the growing bud draws 
to itself the supply of auxin precursor, so that the laterals are unable to 
produce auxin Tins is supported by the undoubted fact that inhibited 
buds produce less auxin than do growing buds (331) and, though the evi- 
dcnco 13 not quite consistent, they al-^o appear to contain less total 
extractable auxin than growing buds (85,228). In other words, there is 
t-omc reason to think that the inhibition is exerted not so much on the 
growth of the bud os on its ability to produce auxin 

However, it now seems clear that inhibition cannot be primarily an 
indirect effect due to the diversion of materials away from the bud, since 
application of auxin directly to the lateral buds, cither in «/« on the stem, 
as in the experiments of Plch (241) and Thimann (314), or isolated and 
growing in nutnent solution, as by Skoog (272), causes clear-cut inhibi- 
tion of tlicir growth Af«o m small fragments of plant (issue in culture, 
particularly root tf«suos, auxins such as naphthalcneacctic acid strongly 
inhibit the development of buds (90, 98) In slices of potato tuber the 
local application of auxin inhibits bud development without producing 
an)' corresponding growih elsewhere (8!, 202a) Exposure of whole 
potatoes to auxins in \ apor form (t e , meth) 1 esters of the acids) causes 
inhibition of all the buds (123) In none of these cases would it seem 
that the effect can rest on movement of materials ebewhere; the effect is 
primarily local 

It appears that the influence of auxin on different organs is represented 
by a senes of optimum curves, intermediate concentrations promoting 
growth and higher concentrations inhibiting it (45,314), ns shown in 
Fig 7 (p 45) Thus the concentrations causing stem growth would be 
high enough to inhibit bud development. This general theoiy receives 
support from the numerous effects of auxin in Gautheret’s cultures of 
v’anous organs (90, see Section TTII, A), anrf afltiitionaf consiberat’ibns 
which may help to explain it have been advanced by Skoog cl of (272a); 
against it is the lack of any cambial actmty in inhibited buds (280) 
although auxin is known to stimulate the cambium (see Section \ Ilf). 

A peculiar and unexplained fact is recorded by Castan (57), namely, 
that, if high auxin concentration is applied to the intact terminal bud, it 
loses its power of inhibiting the lateral buds below it. 

The problem is made more complicated by the direction m which 
inhibition is exerted Since auxin moves polarly from apex to base. 
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inhibition should be only exerted on buds morphologically below, tc, 
basal to, the source of auxin Although this in general is strictly the 
case, there are exceptions m which buds are inhibited above the point of 
auxin application (283,285), and a parallel has been suggested with 
certain upward inhibitions of stem elongation, studied bj Pohl (243), 
Le Fanu (190), and Mitchell and Martin (204) The phenomena of 
geotropism, howeier, proxide clear agreement with expectation, here 
the auxin is known to be dnerted to the lower side of stems by gravitj, 
&o that we should expect to find that m lioritontal stems the buds on the 
lowersideareinhibited.this wasobsenedaslongagoas 1917 b} Loeband 
has been confirmed m different plants bj many workers (73 237,249,272) 
One tjpe of phenomenon which might have significance for bud 
inhibition has not jet been brought into the picture Many workers 
ha\e found ciidence for growth-inhibiting matenal in plant tissues, par- 
ticularlj in ether extracts thereof Kotkemimn (164 155) extracted 
such matenal from fruits, demonstrating it** effirt bj inhibiting the 
germination of seeds This so-called ‘blastokulm’ was investigated by 
Kuhn et al (177), who extracted on oil from Serbui fniits which stronglj 
inhibited seed germination, and demonstrated that parasorbic acid had 
similar effects Other substances having on iinsnturatcd lactone struc- 
ture (340), including coumarin act in the same wav Moreover, Voss 
(342) extracted from corn, and I-ar«en (l8f») from tomatoes, material 
which inhibits growth of the Aiena coleoptilc Lin»er (109) made 
similar extracts from lilac leaves and showed that tiiey also inhibit 
the formation of roots Juel (152), id on extension of Larsen’s work 
developed an assaj method by mixing the inhibiting extract with known 
concentrations of auxin in agar and using the Aiena test on the mixture 
She showed that the inhibition is not due to auxin inactivation, and that 
it 13 exerted also on root growth which il<!elf is inhibited by auxin (see 
pp 43-46) Hence the extracted matenal is not simply an antiauxm, but 
an inhibitor of the growth of both shoots and roots Similar experiments 
have been earned out wnth sugar cane nodes, from which the inhibitor 
IS liberated by hot water {237,237a) The dormancy of potato buds has 
been shown by Hemberg (13Ia) to be due to an inhibitor present m large 
amounts in the penderm, and disappearing slow ly as the tubers mature 
The auxin content does not change dunng dormancy but increa'tes 
shortly before sprouting 

More suggestive still is the inhibitor of Stewart et al (297,299), which 
produces a marked positive curvature (*e, toward the block) m the 
Aiena test This substance was partially purified and shown to vield an 
auxin — most probably indoleacetic acid — on alkaline hvdrolysis If it 
could be shown that lateral buds have the property of producing this. 
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inhibitor directly from auxin, a mechanism of bud inhibition ould be at 
hand Although as jet there is no such direct e\idcnce, the scheme 
advanced bj Skoog ct al {272a) gives a verj plausible rationale for this 
Furthermore, Snow (280) has brought forward independent evidence 
that bud inhibition is due to a special inhibiting hormone in some v\aj 
produced bj auxin This concept has recently been discussed by Skooe 
(274a) 

The situation can be summed up by sajing that most of the data 
point to bud inhibition as due to auxin directlj, with the mechanism 
probablj involving the formation of an inhibitor bj or under the influ- 
ence of auxin The possibility is not excluded, however, that other 
substances necessary for growth may in some way play a part 

3 Oenerol Stgntficance 

The inhibition of one bud by another w a phenomenon of very wide 
occurrence and has a broad influence on general morphology In tubers, 
for instance, development of a bud at the apical end leads to inhibition 
of others but ringing or physical isolation of these buds, allows the 
lower buds to develop (81,131,202i) The auxin is presumably earned 
from one bud to another through the cortex Auxin application, either 
ns paste to the outer cortex or as vapor to the wljolc tuber, maintains the 
buds in the inhibited state ami this is now being used on a large scale in 
the storage of potatoes with mcthylnaphthalcnc acetate It is of 
interest that such auxin mliibitod buds resemble normal dormant buds 
in that they arc stimulated to sprout by ethylene chlorhydnn (123 202a) 
This treatment greatly increases the rate of auxin destruction, thus 
releasing the buds from inhibition, when growth begins again the terminal 
bud soon re-establishes its inhibition of the laterals again through the 
auxin mechanism (202a) It is not free auxin itself, however, but a 
specific inhibitor (131a) which is responsible for the absence of bud 
development during the dormant penod 

In general the tall rapidly growing single ‘<hoot type of plant, which 
presumably produces and transports auxin efficiently, has few lateral 
branches while shorter dwarf or stunted forms typically become bushy 
with numerous laterals or tillers Auxin relations of this sort have been 
studied by van Overbeck (227 230) and Dchsle (73) but much still 
remains to be done "ioung leaves since they are potent sources of 
auxin exert a powerful inhibition (279) but mature leaves also inhibit in 
some plants (80) In guayule a desert composite grown for its rubber 
content the mature leaves actually inhibit the buds m their axils more 
powerfully than docs the terminal bud (277) Indeed, a single leaf can 
inhibit the lateral buds all the way down the stem, a most unusual behav- 
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lor, which inaj uellrepa} closerstudj In Sohdof/o plants in the ro&ette 
stage, each leaf inhibits somewhat the growth and development of the 
next, a phenomenon presumabl> parallel to that of bud inhibition 
(101) 

In the ferns, Albaum (1) has brought to light a parallel situation, the 
heart-shaped prothalha respond to the removal of their growing apex by 
formation of a new outgrow th (of the same shape as the indented area 
which they replace), and this “ regeneration " can be inhibited by apply- 
ing auxin in lanolin Sinularlj, if the young sporophjte which deielops 
later out of the prolhallium is remoied, another grows in its place, while 
apphcation of au\m to the cut stump preients this The^e phenomena 
are thus quite parallel to the inhibition of buds, although buds as such 
are not m\ohed Doubtless Nature has proiidcd many similar \aria- 
tions on the same theme 


B Root Inhibition 

Besides simple growth promotion, the first additional effect of auxin 
to be discoaercd was the inlubilion of the elongation of roots This was 
when Nielsen (217) extracted a crude auxin (rom cultures of the fungus 
Rhtzo'pxis iutnus and showed that it promoted grow th of the coleoptilc but 
inhibited that of the root The expenmcnls were repeated and extended 
b> Boy sen-Jensen (44) and Naves (214) and finally done with pure 
auxins by Kogl, Haagen Smit, and Erxleben The technique is simply 
to immerse the roots of young seedlings m serial dilutions of the auxin 
and measure elongation with a millimeter scale There is some thicken- 
ing, but this IS not, as was first thought, sufficient to compensate for the 
decrease m length, the auxin therefore produces a large total decrease in 
root weight (312) The inhibition in length is roughly proportional to 
the logarithm of the concentration, so that the effect has been u®ed as a 
simple auxin assay by Lane (184) and Bonner and Koepfli (34) Control 
of pH 13 essential (202), since auxin enters tissues much more readily m 
the free acid form than as an ionized salt (4,320) The activities of a 
number of substances have been compared in this way (92,184,202,311, 
34.1 aJCid. it appears thatv m ^nerah compounds which have 
auxin activ ity as measured by grow-th promotion also cause root inhibi- 
tion, if inactive in the Aveno or pea test they are inactive m inhibiting 
roots The inactivity of indolecarboiO^hc, a,a-dimethyltoluic and trans 
cinnamic acids (34) is of particular interest in connection with the relation 
between structure and activity discussed m Section III, C Recently 
Thompson et al (336) have published this as a new method, and tested 
1060 compounds with it Of these, the most active were 2 4-dichloro- 
phenoxyacetic acid, its anhydnde, sulfoamhde, and certain esters, 
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2-methjM-chlorophcnox3acetJC acid, its anhydride, amide, some esters, 
and otlicr deri\ati\cs,2 bromo-4*chlorophcnoxj acetic acid, and 2 mcthyl- 
4-nuorophcno\yacctic acid The first-mentioned is highly actne in the 
cu^^atu^c of slit pea stems (see Section 11, D), though it gives only 
minute cur\aturc3 on ^Itcno colcoptilcs Doubtless all these substances 
will lie found to show grow Ih-promolmg actnit> on one or other of the 
standard growth-promoting auxin assaja 

Of course, an inhibition is less specific than a grow tli promotion, and 
manj compounds ha\c some inhibiting cfTcct in relatively high concen- 
trations I or this reason the inhibition of germination, studied by soak- 
ing seeds in solution and termed the “blastokolin” test (see Section A 
above) maj notbeverj specific, it appears, however, to hav e no relation 
to the inhibition of root elongation bi auxin Tor instance, the ether- 
soluble grow til inhibitor of tomatoes inhibits both root and shoot growth 
(152) It IS well known, loo, that colehicmc inhibits root elongation and 
caii'cs characteristic swellings just proximal to the root tip (see, tg, 
82 192 201) It IS perhaps remarkable that the changes m electric 
potential differences along the toot which arc caused b) colchicine treat- 
ment arc verj similar to those caused bj indoleacetic acid (338) This 
does not, of course, nocc«sanIj mean that, as Umralh and Weber (338) 
suggest, colchicine produces its effect b> “actuating " auxin in the root, 
for its effect on mitosis is far stronger than that of auxin However, it 
IS at least suggestive that the swellings induced by auvin m roots were 
shown b> Levan (193) to contain man) polyploid cells 

In contrast to the mlubition, cxtrcmclj low auxin concentrations 
ciu«e sliglit acceleration of root growth This was discovered mdr- 
pcndcntl) b) a number of workers in 1930 (7,8,54 84,80 99,312), onl) 
lost and Reiss (151) could find no acceleration The effects are sirall 
but real indoleacetic acid at 10”Mf causes about 30% acceleration 
The response of roots to auxin is thus given bj an optimum curve with 
its peak at excessuclj low auxin concentrations, as shown in Fig 7 
Also if the inhibition is not too great, it is accompanied bj the formation 
of lateral roots tc by branching (151,312 372) The same effect results 
from decapitation of the root tip However, such branching is not 
aimph due to the inhibition of the tip growth, but is directlj caused by 

auxin because as shown by Thimann (311), when auxin is applied to the 

base of the stem of Pisum, it slightlj accelerates the growth rate of the 
mam root, but still promotes the formation of laterals 

Short exposure of roots to auxin causes a temporarj inhibition fol- 
low ed by a stimulation which may lead to a general stimulation of growth 
of the entile plant (92 324) This “after-effect’' is probably the caU'C 
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of the accelerated groN\th of “hormonizcd” seeds hrst reported bj 
Cholodnj with oats m 1930, and discussed further on p 54 The dura- 
tion of the inhibition is proportional to the time of exposure to the auxin 
and Cast (92) has shown that the amount of stimulation which follows 
IS roughlj proportional to the amount of inhibition A detailed analysis 
of the phenomena of root elongation will be found m the papers of 
Burstrom (54) fie di\ idcs the process into a phase of increasing clastic 
ity, w hich la accelerated bj auxin, and one of decreasing elasticity (during 
which most of the growth takes place), which is inhibited by auxin 



Fio ? — DtAsrani o( the inhibitioa and growth promotion of different organs as a 
function of auxin coneentnition The shscissse for the bud and stem cun es are only 
approximate (From Tbtmann, 314 ) 

The effect of auxin in inhibiting root elongation acquired special 
interest as an explanation of the geotropism of roots (see 3G0, Chapter 9) 
This geotropism, which is positive, t e toward gravity, would thus be due 
to the accumulation of auxin on the lower side as in shoots, but wath the 
difference that the auxin w ould cause greater inhibition on the low er side 
This was the original Cholodnj ent theory of geotropism, but it has 
neier been really rigidlj established \V’hile all experiments point in 
this direction, the closeness of the growing *one to the tip m many roots 
has made it extremely hard to obtain clear-cut growth responses after 
decapitation The production of auxm by the root tip has also been 
hard to establish, in spite of many extraction and diffusion experiments 
(see especially 44,45 80 240,247,267) To sum up briefly many con- 
tradictory facts and interpretations (discussed bj Fiedler, 86, and 
Thimann, 316), it appears clear nowr that small amounts of auxm are in 
fact regularly produced m the root tip provided it is adequately nounshed 
(235,267) If this i<? to be enough so that its geotropic accumulation on 
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the lower side would account for posituc cur\atiire, it should also be 
cnouph to cau'sc at least sliglit growtli inhibition when the root is in the 
\orlicnl position In other words decapitation should cause slight 
acceleration of root growth Some in\cstigators ha\e indeed found this 
efTect, but agreement is not complete, perhaps duo to the morphological 
dilFicultj mentioned abo\c which makes the length of the tip cut off 
extromcb critical It should he noted, too, that exposure to light 
incrca«;cs the nu\m content of isolated roots (2G7) and corrcspondingb 
inhibits elongation (253) Differences in lighting ma> thus also account 
for Hck of agreement among different inxcstigators 

Since high auxin concentrations also inhibit elongation of stems it 
might be supposed that stems supplied with considerably more auxin 
than thej rcccnc under ph>siological conditions should show positive, 
t e , downward gcotropism This has been claimed, indeed, bj Geiger- 
Ilubcr and Ilubcr (100) with mustard seedlings, but it is more probable 
that the downward cunaturc reported is not due to growth, but mcrclj 
to plastic sagging since Burkholder (53) has shown that similar down- 
ward curvatures are prevented b) balancing the weight of the shoot 

C IsmniTtON OF Anscissios 

The failing of leaves and mature fruits is due to the formation of an 
“abscission hjcr’ of cells across the base of the petiole or fruitstalk, 
and to the separation of the walls of these cells from one another In 
experiments with Coleus I aibach (180) found that this abscission is pre 
vented bj appljing orchid pollmia to the petiole The phenomenon was 
discovered indepcndontlj bj La Rue (188) and sliowm to be produced by 
several pollens and leaf diffusates and also bj pure auxin (mdolcacetic 
acid) Coleus is convenient for these experiments because the petioles 
fall quickb when the blades are cutoff, Rtnnusand Bryophyllum behave 
similarlj The reaction is simple and bj its means Gardner and Cooper 
(89) have compared the activity of nine auxins and shown that 156 other 
compounds vnthout auxin activitj do not delay abscission 

The interest in this phenomenon lies primarily in its application to 
fruitstalks which often absciss before the fruit is completely mature 
Gardner and Martli (91) and Hoffman el al (141) showed that the pre- 
mature dropping of apples can be conveniently delaj ed by auxin treat- 
ment Spraying or dusting with auxin m early September w ill delay fruit 
drop at least tw o w eeks This procedure is now w idely used by orchard 
ists, directions for its use hav e been given b> many experiment stations 

Falling of the needles of evergreens at least m Tsuga (335a) and 
Taxus (81a) is also delayed by auxin in Taxus a concentrated nutrient 
solution acts m the same w ay 
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D General Toxicity 

It has been kno\vn for many years that high auxm concentrations are 
toxic This T\as first noted in experiments wth plant parts immersed in 
solutions for groM'th measurements (30,326,334), i\ith whole plants 
treated mth auxin solutions (106), and with cuttings treated ivith auxin 
solutions at the base (by many workers, see 360, p 204) In concen- 
trations just below the toxic lc\el, grorvth inhibition commonly occurs 
(see discussion m 316) and inhibitions may be caused above a local appli- 
cation of auxin to the stem (190,207,242,282) Further, as discussed 
above, root growth is powerfully inhibited bj auxins The toxic effects, 
as opposed to mere inhibition, have been recently put to practical use 
In parallel experiments in the United States and England, it has been 
shown that simple spraying with relativelj high concentrations of auxins 
(about 1000 mg /I) will kill many dicotyledonous plants The most 
effectiv c substances are those w Inch are of high auxin activity* and stable 
against soil microorganisms, particularly 2,4-dichIorophenoxjacetic acid 
and related compounds (22,27,127,223 275,276,308,336,345) Aqueous 
sprajs of the free acid or its esters or salts appear to be the most effec- 
tive Because the grasses and cereals arc relatively insensitive, it is 
possible to exert what the English workers call “selective herbicidal 
activity,” and destroj weeds in standing cereal crops This application 
18 of very great agricultural importance and is already being used to 
eliminate such pests as ragweed, bindweed, and water hyacinth No 
attempt will be made here to discuss or even list the fiood of papers on 
this topic m recent horticultural literature A recent review has been 
giv en by van Overbeek (234b) 

The exact nature of the toxicity of auxins is not clear The killing 
of whole plants in soil may rest m small part on root inhibition, but 
usually involves complete rotting of the roots and rapid dying of the 
leaves Furthermore, toxicity is exerted on isolated stem or coleoptile 
sections m solution and indeed at concentrations as low as 50 mg /I 
Such objects show a clear optimum curve m their auxin response It is 
probably significant that many toxic substances cause stimulation at 
low concentrations, inhibition or toxicity at high Examples are the 
heavy metals, cyanide, 2,4 dmitrophenol, and lodoacetate However, 
m none of these instances has the change of sign of the effect been satis- 
factonly explained In popular literature it has been stated that the 
auxin weed killers cause plants to “grow themselves to death,” but there 
IS little basis for this statement 

• Went (private communication) has, however, found that some substances 
inactive as true auxins are effective as weed killeis 
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Vin Other Actions of Auxin 
A Cell Dni<uoN 
1 Tissue Cuflurea 

The phenomena of cell dnicion in isolated fragments of plant ti«8ue 
were first studied some fort> jenrs ago b> Ilaberlandt m his classical 
but unsuccessful attempts to obtain plant tissue cultures The condi- 
tions leading to cell du ision m plant tissues arc man> and \ aned, but one 
of the mam contributions of the work on tis«uc culture was to direct 
attention to the role of hormonal factors m the process Tlie action of 
wound hormones and their possible interrelation with auxins in promot- 
ing cell diMiion will bo taken up in Chapter III, we will deal here onlj 
with the role of tlic auxins themselves in cell division 

It IS charactcriatic of roots that the> grow well in culture media, with 
cell di\ ision keeping pace m a normal manner w ith cell enlargement, and 
without the nccc'Aitj of adding ani auxin Tlicrc is no evidence that 
roots need anj suppl> of auxin for their growth, though it is possible 
that the> do produce small amounts of an auxin and that this suffices for 
their needs Much of the auxin in root tips disappears rapid); soon after 
separation from the plant (80) but small amounts remain, it is highl; 
probable, though not rigidl; proved, that there is a slow production of 
auxin b> the tip even on a mineral medium (212 232,235) The total 
auxin of roofs tike that of man; other tissues, is extractable with ether 
onlj \cr> slowl; (332), with Areno rootsaboulthreeweeksof continual 
extractions are needed to reach a 75% jield The tumor cultures of 
White (303) also grow slowl; without added auxin, but the; definitelj 
produce small amounts of it during growth (332) 

In other instances cell multiplication appears to depend markedly on 
the presence of auxin This is well exemplified in tissue cultures While 
slices of carrot will develop for many transfers (with cell division) m a 
mineral medium containing only salts sugar, and a source of nitrogen, 
as was shown almost simultaneously by Nob«5court (218,219) and 
Gautherct (93 94) in 1937-1938 their cell division and growth are very 
greatly promoted by auxin at 1 mg /I Indeed, ^ob^court considers 
auxin essential for the carrot since its grow th inv ariably stops after some 
months unless auxin is added This suggests either a very slow syn- 
thesis or else a remarkable persistence of auxin ID the tissue The tissue 
of Jerusalem artichoke (Heltanthus luberosus) develops only if auxin is 
added, mdoleacetic or naphthaleneacetic acid at 01 to 10 rag /I are 
about equally effectiv e For carrots, mdolepropiomc acid is ineffective 
(221) In such material the auxin behaves therefore as a cell division- 
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inducing substance Some cultures ha\e been kept going in presence of 
traces of auxin, for o\er four jears (Fjg 8) Gauthcret (95) points out 
that the nel^ tissue formed in culture fragments is proportional to the 
amount of surface exposed which might suggest that wound hormones 
liberated at the cut ^surfaces also play a part (•»ee Chapter III Section 1) 
The differentiation m the cultures seems not to be auxin controlled since 
it takes place also in carrot kohlrabi and endive cultures which do not 
at least at first require added auxin (97) Such conclusions however 
arc uncertain until the formation of auxin m the<5e cultures is examined 



Fio 8 — Culture of end ve tissue nh ch has been mainlamed for over 4 years m 
presence of traces of auxm The fragment shoTvn bss grown for 28 days after the 2Sth 
transfer (From Gauthcret OS ) 

Thiamin is certainly synthesiied by the carrot cultures of Isob4court 

(220) 

The concentration senes in the action of auxin here is of interest (96) 
I^lth carrot endue and Jerusalem artichoke increasing concentrations 
of naphthaleneacetic acid produce m order (o) cambium stimulation 
inth callus formation (&) root formation (c) bud inhibition, (d) an 
action on leaf growth (c) isodiametnc growth of cells causing general 
8W elhng The last is t> pical of high auxin concentrations in many plants 
(see below ) 

2 Cambtum 

A clear cut promotion of cell division is produced in the cambium of 
many plants by treatment with auxin This was first demonstrated bi 
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Snow (281), T\ho had previously shown thflt some diffusible substance 
causes activation of the cambium in grafting, and indeed had been fore- 
shadowed by Jost forty years earlier. The amount of indolcacetic acid 
necessary to cause cell divisions in the cambium of sunflower hypocotyls 
was shown to be comparable with the amount normally produced by buds 
and young lca\es, as determined by Thimann and Skoog (331) in diffu- 
sion experiments Thus cambial activation by auxin is a normal plant 
process fl73a, 281, 292, 293a) The activation which travels from the 
opening buds downward throughout the stem in the springtime is hence 
duo in the main to auxin Vigorous cambial activation, t e , cell division, 
was shown to result from auxin treatment of twigs of willow and poplar 
by S5dmg (291), who alao showed (293) that the auxin travels polarly 
from apex to base in the twign, mainly m the cambium itself. Before the 
buds open, organic matter migrates to them in considerable amount (55) 
and wwxvw beguva lo be Ubcralcd iUetcaftcr, aa actual opening ptoeeeda 
That this auxin moves downward in a wave lasting only a few weeks was 
made clear by Zimmerman (377); this mo^cmont is followed closely by 
diMsion of the cambium Tlie close time relations were shown clearly 
m apple by A\cry ct al (IG), who compared sections of the wood at 
different times in the spring, and different distances from the bud, with 
Aicna test determinations of the auxin coming from the buds It is 
cbaractcnstic of experiments with applied auxin that the cambial activa- 
tion IS generally limited to a few centimeters below the point of applica- 
tion, while the natural stimulus moves to ground level or exen into the 
roots (292), it is important, therefore, that if the application is made 
within a limited period in the spring the resulting cambial activ’ation 
can also traxcl great distances (105) Apparently, howexer, the active 
substance in cambium is not auxin alone, for Soding (293a) finds that 
cambium-stimulating preparations obtained from cambium itself are 
more actn e than the corresponding concentration of indoleacetic acid (see 
Chap III, Section 1) Soding found that more auxin diffuses from the 
cambium than from any other tissue, in woody stems, and this has been 
confirmed for a number of tropical plants by Kramer and Silberschmidt 
(173a) There is, of course, no reason fo befieve that the auxin is 
responsible for differentiation mto xylem and phloem. 

Wlien trees groxv in a leaning position the « ood formed on the under- 
side IS reddish and of characteristic morphology? this xvas desenbed in 
1890 by R Hartig and such wood termed “rotholz” or “redwood ” 
Wershing and Bailey (302) were able to duplicate this in white pine 
seedlings by auxin application ond it is likely, therefore, that the extra 
auxin accumulated geotropically on the lower side of the stem is respon- 
sible for the natural phenomenon If this is true, the great excess of 
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auxin applied in Sodmg’s experiments (291) should also have produced 
redwood, a point which deserves further anatomical study 

Application of auxin to woodj twigs or cuttings also causes the for- 
mation of so-called callus, particularly at the basal cut surface (see 
87, 182, and many others) The weight of callus so formed on poplar 
vanes directly with the concentration of auxin applied (2541), but again 
it falls off rapidly with mcreasmg distance and reaches zero at about 3 
cm below the point of application 

3 Other Tissues 

In Snow s evpenments (281) onl> the cambium divided as a result of 
apphcation of auxin at physiological concentrations, but later Ivraus, 
Brown, and Hamner (175) and Hamner and Ivraus (129) found the 
endodermis very reactive when the auxin concentrations were higher 
In young bean stems, mature vacuolated cells of many tissues enlarged 
and divuded, later forming many root initials Tomatoes (37) and four 
o clock (il/trabiZis) (128) behaved similarly It should also be pointed 
out that formation of root initials always involves very active cell division 
which often originates m the pencycle, but may occur in every living 
tissue from epidermis to pith (see Section \ I above) 

The first result of application of high auxin concentrations to young 
stems or hy*pocotyls is a very great swelling of the pith and cortical 
parenchyma (28 76 175,182) The same thing happens at the base of 
auxm treated cuttings (71,301, and casual observation of many workers 
on root formation) In these swelhogs starch is rapidly hydrolyzed 
(21,203,208), then organic matenals are transported to the swelling from 
adjoining parts of the stem (206,207,301), the cells, particularly of the 
cortical parenchymia, increase greatly m size, while those of the epidermis 
shorten (see especially Figs 32 and 36 of Diehl el al , 75) Very large 
cells are also formed in tissue cultures exposed to auxm concentrations 
above 1 mg A (98, pp 97-100) Cell ^vusion comes relatively late, 
usually after several days, and is seen m many tissues It is of mterest 
that the nuclei m such sncihngs reveal chromosome doublmg, tetraploid 
and ev en octoploid cells are formed (74) Similar polyploidy occurs m 
the callus tissue growing on cut surfaces of the stem after auxin treatment 
(109), although it is not clear how far this is due to the auxm, smee poly- 
ploid tissue occurs also in natural calluses The auxin mduced sweUmgs 
of roots contain nuclei with internal chromosome multiphcation also (192) 

4 PalhoJogtad Changes 

Galls on stems, and nodules on the roots of legumes, both mvohe 
numerous and contmued cell divisions In the case of galls due to the 
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crouTi gall bacterium {Phfjtomonas tumefactens), Link and Eggers (196) 
ha^c shottTi that the infected ti<»ucs are verj' rich in auxin, and Brown 
and Gardner (51) and Link et al. (198) have produced galMike growlhs 
by continued application of indoleacctic acid to the cut surface of a young 
bean plant after decapitation. Naphthalcncacctic acid and its amide 
can also produce gall-like spellings (176,203). Iloncver, in later staged 
of the growth of crown galls, neither auxin (252) nor even the bacteria 
(304) can be identified, so that an explanation ba«ed on auxin production 
by the bactena cannot account for all the phenomena of crown gall 
Indeed, secondarj’ galls w ere produced bj' stcnlc inocula from the onginal 
galls by White and Braun (361), which indicates that the host cells have 
been permanently altered, as m animal cancer. This phenomenon was 
shown more strikingly bj tn tilro grafts of tumor tissue to sections of 
normal stems (255). In this work de Ropp shows (as the Wisconsin 
workers had done earlier) that crown galls on the intact plant in many 
respects behave as though they produce au\m, since they cause root 
formation, root thickening, and sometimes bud inhibition in adjacent 
normal tissues Howc\cr, the compari'on is not perfect because in the 
grafts the only effect on the normal tissue is that of disorganized prolifera- 
tion and roots arc not formed, while in normal tissue proliferationoccur> 
only at xerj* high mdoloacetic acid concentration and at all physiological 
levels roots arc formed lie concludes that the diffusible "tumofacient 
factor” IS probably not identical with auxin 

Nodules on legume roots are also very rich in auxin (194,195,313,315); 
unlike most auxin m plant tissues this material is w holly free and rapidli 
extractable (332) Since the inxadmg rhizobia certainly form auxin m 
culture media (59,3l3), Thimann (313) propo-^cd the following picture 
for nodule formation the inxadmg bacteria form considerable amounts 
of auxin, w hich causes cell dn ision in the endoderrais or pcric 3 ’cle Such 
diMsion would normally’ lead to the formation of a secondary' root, but 
since the elongation of roots is strongly inhibited by auxin (see Section 
VII) the result is a more or less i^odiamelnc swelling Kraus (174), 
howcier, states that in nodule formation the first cell duisionsoccurin 
the cortex, so that the nodule is not strictly homologous with a lateral 
root 

B roKxiATiox OF Fruits 

As long ago as 1909 Fitting found that the swelling of the o\aiy of 
certain orchids, which normally follows pollenation, can be brought about 
by appljang extracts of the pollmia Monta (210) later obtained similar 
results, and Laibach (179) showed that the actue substance, both of 
orchid and of Hibiscus pollen, covUd be extracted with ether Further, 



11 ILVNT GUOnTtl ItORMOM-S 53 

the extract beha^cs like auxm and its effect can be duplicated with ether 
extracts of unne, etc (180) Pollen of many plants contains an auxin 
actue on Aiena (112,309,335) Yasuda (3GS), using aqueous extracts of 
pollen, obtained quite large swellings of the o\aries of Solanum and also 
(369) almost normal-looking fruits of cucumber Since these were 
formed without fertilization thej were seedless or "parthenocarpic ” 

Final proof that this reaction is due to auxin was given bj Gustafson 
(111), who produced mature seedless fruits of tomato and other plants b> 
appljang mdoleacetic acid and other auxins m lanolin paste, to the stales 
before fertilization could occur Mature seedless pepper, crookneck 
squash, and even watermelon were produced bj Wong (306), holly and 
strawberries bj Gardner and Marth (90), pears bj Sereiskii (268', and 
other fruits m the same way For commercial use a mixture of seedless 
and fertilized fruits wath a total increase m the number of fruits set is 
often sufficient 

The method of application has been the subject of considerable prac 
tical studj Gardner and Marth (90) used a water spra> Hewlett 
(142,143) a lanolin water emulsion, and Strong (300) a mixture of auxin 
with tngaraine or morpholine applied to the entire flow er bud cut off just 
above the ov arj Zimmerman and Hitchcock (372 373) obtained seed 
less fruits of holly b} means of the v apors of auxin esters, and of tomatoes 
with an aerosol of auxin esters (373) Both these treatment s were applied 
to the whole plant To obtain complctelj seedless fruits of course, the 
st>les must be removed before the pollen tubes can have grown through, 
but How IcU (142,143) has shown that, at least in the tomato, pollenation 
is often imperfect, so that for practical growers purposes the flowers can 
be left intact and, after sprajing, the growth of all fruits is promoted by 
the auxm treatment Blossom end rot and bud mhibition often occur in 
sprayed fruit A list of parthenocarpic fruits produced by auxin up to 
1942, and also a list of the plants which produce them naturally, is gi\ en 
m the review of Gustafson (119) 

The relative activity of different auxins for parthenocarpy, though not 
easy to determine accuratelj, seems to place the different substances 
about m the same order as for root formation, or perhaps for primary 
growth promotion (sec Section HI, G), but not in the same order as in the 
Avena test or the pea test Gustafson (113 115,121) found a naphthoxy- 
acetic and indolebutync acids the most active, but later the di and tri 
chlorophenoxyacetic acids were found to be much more active (372,373) 
Such relative activities are doubtless determined, at least in part, bj 
relative stability to plant enzymes under the long exposure involved in 
this type of expenment Should the findmg of Tang and Bonner, i e , 
that the inactivating enzjTne system m the pea is specific for mdoleacetic 
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acid, be extcndctl to the tomato and other plants, it \^ould provide a 
good explanation for the relatively low activity of indolcacetic acid for 
pirthcnocarpj 

Tlie mechanism of this phenomenon is not fully understood, but a 
tentative picture his been presented b> Gustafson (114,120) The auxin 
introduced either bj the pollen or bj nrtificiil application starts growth 
bj cell enlargement in the ovary tissues This, in fertihred fruit, leads 
to growth of the ovules themselves, and they then secrete auxin (their 
natural auxin content is high) m sufTicient amount to cause continued 
growth of the ovary tissues Plants which rcidilj produce partheno- 
nrpic fruit, such is the nivcl orange, contain somewhat more 
nitural auxin in the ovir} walls than other vanelics of the same species 
which do not show parthcnocarpy It is this auxin in the ovary walls 
which then suffices for further growth after the first "shot" of auxin has 
initiated it Tins concept is based on auxin determinations in vanous 
parts of fruits of different species and varieties, and their correlation with 
parthcnocarpj or even (120) general fruitfulness, the data arc, however, 
not wholly clcar*cut and the picture may need extensive modification 
In particular the concept that auxin secretion does not begin until growth 
has been started needs clarillcation There are certain suggestive 
parallels here with the growth of buds, in which the initial stimulus is 
furnished not b} auxin (which inhibits) but by other factors, but there- 
after auxin production follows gronth 

C Role of Atrcis is Seed Geriiisatios 
It was first showTi by Cholodny (62) that oat seeds treated with auxin 
show a subsequent stimulation of growth This he compared to the 
eHects of vernalisation m which the seeds are moistened and then kept 
cool for a long time, under such conditions auxin is set free withm the 
endosperm m considerable quantities, by enzymic action (61,271,342) 
The nature of the precursor in the endosperm, which liberates the auxin, 

IS discussed m Section III, and need not concern us here The auxin set 
free m the endosperm does not, as it now appears, operate to produce 
vernalisation, for Gregory and Pums (110,245) have shovm that the 
isolated embry o, freed from endosperm, can show normal v emahzation, 
while Hatcher (130) finds no auxin in the rye embryo dunng germmation 
at normal or v emahzation temperature The acceleration of growth 
following treatment of the seed with auxin is a purely vegetativ e phenom- 
enon Usmg mdoleacetic acid, Thimaim and Lane (324) showed that the 
inhibition of root growth which first appears after auxm treatment is 
later followed by an acceleration both of elongation and of branching, 
i e , formation of secondary roots and they asenbed the improv ed top 
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groR-th to this effect, 'which would lead to an increased total root system, 
indeed the roots of full grown oat plants so treated showed a large 
increase m weight o\er controls Amlong and Naundorf (9) obtained 
similar growth accelerations with many seeds, including sugar beets, 
which ga\ e an increa'^ed jneld of sugar per acre as a result It is impor- 
tant that the stimulation of groxrth although it ma> not be \ erj large, 
lasts throughout the life of the plant, at least in some cases However, 
se^eral other workers {eg , Barton, 20, Templeman and Marmoy, 307) 
have failed to obtain anj appreciable effect from seed treatments so that 
the conditions of treatment are apparently quite critical and need further 
analysis Podes\a (241a) reports good results with eexeral xegctables 

IX Mechamsm of the Action 

It will be clear from the preceding «ections that the effects of auxin on 
plant cells are numerous Groivth by incre<i<5c m size is the major and 
most direct effect, but stimulation of cell di\ision, without increase m 
size, in the cambium, m root initials, and in fniit formation is at least os 
important Clear-cut inhibitions of growth of buds roots, and the 
abscission lay er appear also to be direct effects The action of auxin on 
the cell must therefore be a fundamental one, a kind of 'master reaction ” 
The consequences of the process may lead to growth inhibition, etc , 
according to the supply of other factors and to the age and morphology 
of the tissues concerned 

A Effects on: Cell Wall 

Before* it was recognized that phenomena other than simple cell 
enlargement were involved, Heyn (132,133) and Soding (289,290) brought 
forward considerable exidence that the effect of auxm, at least m the 
coleoptile, was to increase the plasticity of the cell wall The plant cell 
differs, of course, from that of the ammal m its relatively rigid cellulosic 
wall, which resists the osmotic tendency of external water to enter and 
thus holds the cell size in balance Increased plasticity would decrease 
the pressure of the wall on the cell contents and thus allow water to enter 
osmotically, increasing the cell size Tlie evidence was obtained by 
applynng known loads to the plasmoly zed coleoptile or other organs, and 
measuring the irreversible or plastic stretching which resulted (135) 
Another method is to plasmoly ze the plants after they have produced a 
curvature m response to auxin, the decrease m curvature resulting is in 
the part which was purely elastic 

* A fuU discussion of the earlj worV up to 1937 lsgl^enin Chapter VIlIoffAylo. 
Aormones (360), and by Heyn (13a) 
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The plasticit} of the colcoptile A\fls found to decrease follomng decapi- 
tation and to incrcisc again with the “regeneration of the ph}'siological 
tip” after about 2 5 hours Application of auxin in agar to colcopliles, 
floworstalks, or stems cloarlj incrcase<] the plasticitj Some of these 
experiments haae been more rccentl> repcateil b> Burkholder (53) with 
vimilar results klso au\m m Knolin gn%e essentidlj the same effects 
(250) It 13 clear that it is the change in plasticity , not in elasticity, 
which parallels change in growth rate Tins is particularly striking m 
roots, where auxm acts to increase the elasticity, whether it causes 
mcrca«o or decrca'^c of the growth rate (5t) The conception of growth 
which 13 in\ol\cd is tlut the wall, after being made more plastic, is 
stretched by the entering water and then fixed in its stretched state by 
the interposition or apposition of new cellulose particles Bonner's 
measurements (32) of the weight of the cell walls indicate that, when 
growth occurs at 2'’C the latter process ligs behind, ashen it occurs at 
23®, or in the presence of sugar, cell wall deposition exceeds growth and 
the weight per unit length increases Howeicr, it seems that some 
minimal cell wall dcpo'-ition must keep pace with extension 

A modification of the aboxe >icw, according to which the auxin acta 
mainly on the poetic sub«tance3 of the middle lamella, lias been put for- 
ward by Huge (230-258), with, Iiowcxcf, insufficient experimental sup- 
port According to his data this poetic material, which is said also to 
contain hexosans and hcxonic acids, swells m auxin and it is this swelling 
w hich leads to grow th To a lesser degree the sw ellmg is also caused by 
acid pH which is known to promote growlh (31,311) Hydrolytic 
eniymes ate also claimed to promote growth through hydrolysis of the 
pectin although it has been known since the work of Seubert (2C9) that 
commercial enry me preparations commonly contam some auxin 

A more extensno consideration of the effect of auxin on cell walls, 
ba'ed both on experiment and on theory, has been set forth by Diehl 
el at (75) These workers bclicxc the action is first exerted on the inter 
micellar substance which is probably of the nature of a wax (3G7), and 
thereafter on the cellulose micelles themseKes The skeleton of the 
primary wall according to the obseraations and concepts of Frey- 
Wy ssling (88) consists of micelles of cellulo c oriented (statistically) per- 
pendicular to the axis of elongation This skeleton has to be continuously 
modified to allow growth Unpubhshed observations of the author and 
T Kerr indicate that this takes place by a continual loosemng and 
re-forming of the linkages between enswrossed micelles, with simulta- 
neous deposition of new micelles of the same orientation, these, although 
statistically perpendicular to the longitudinal axis actually he m a double 
spiral at a moderate angle on either aide of that axis However, these 
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conclusions are still uncertain, and a detailed discussion of the relation 
betMeen groiv-th and iiall structure here would take us too far afield 

There can scarce!} be an} direct chemical relation between wall 
deposition m growth and the auxin which causes it, because the measure- 
ments and calculations of Thimann and Bonner (319) show" that each 
auxin molecule causes the deposition of some 3 X 10' hexose residues as 
cellulose, as well as the pectin, hcmiccllulosc, and protein, which also are 
laid dowTi Further, the amount of wall formed per molecule of auxm 
i anes with temperature 

With the recognition of the other effects of auxin, the field widened 
Two mam aaewpoinls haa e focussed much of the research 

B Modiuzation op Special, Horjiones 

In brief, this \iew is that each process, except cell enlargement, is 
brought about by a specific hormone, there would be a root forming sub 
stance, a stem forming substance, a bud inhibiting substance etc These 
substances are discussed m more detail in Section V of the following 
chapter, it is onl} neccssar} here to consider their relation to auxin 
The action of auxin is \asualiied as causing the mobilisation of these sub- 
stances at the point at which the au\m accumulates As an example, 
rooting of a cutting would be due to (/) the polar transport of auxin to 
the base and its accumulation there, (or its direct apphcation at the base), 
{£) the consequent accumulation of the root-forming hormone, "rhizo- 
calme" at the base, and (5) action of the latter substance on the basal 
tissues Similarl} , swelling of the stem at the point of auxin apphcation 
would be due to the mobilization by the auxin of "caulocalme” and other 
substances necessaiy for stem growth This mcw has been put forward 
especiall} by Went (359, see Sect V of Chapter HI) but other authors, 
notabl} Gautheret (96), haa e explained their results m terms of numerous 
specific hormones 

Pending defimte proof of the cMSlencc of such special hormones, this 
concept is difficult to pro\e or disproie Growing loci m the plant cer- 
tainly manage to accumulate water, carboh}drates, and other materials 
for growth, for instance m the formation of swellings The data of 
Stuart (301) and Mitchell and Stewart (206), showing a marked increase 
of dry weight m the region where auxin is applied to a stem, are particu 
larly clear m this connection There is enough moiement of materials 
to cause strong inhibition of growth aboie the point of application 
(204,284) Thus m an mdirect w ay it must be true that auxin leads to 
the "mobihzation’ of such substances Ihe difficulty comes when the 
effect of auxin on isolated plant parts is considered Thus, sections of 
coleoptile 3 mm long immersed in solutions of auxm and sucrose, will 
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grow some 100% (202) Fragments of IleUanihus hjpocotjl (255), or of 
potato tuber (123) will form roots vigorously in response to auxin Iso* 
latcd buds in solution are inhibited hy auxin (272), so are isolated root 
tips (80, see Section VII, B) In all these instances it is difhcult to 
ascribe anj role to mobilization, jet the effect of auxin is very similar to 
that in the intact plant If, however, we conclude that the evidence for 
the mobilization of specific hormones is insufficient, at anj rate at the 
pre^nt time, then the alternative is that the vaned effects of auxin are 
due to differences m the abihtj of different tissues to respond (314) 
Tlus bnngs us back to the starting point and calls for a closer study of the 
intimate nature of the action of auxin m the cell 

C Relation nETwrEN Respiilation and Growth 

It has been known for a long lime that growth of the coleoptile vrill 
not take place anacrobicallj , and Bonner m 1933 show ed that growth is 
inhibited bj cj anulc, and to the same extent for a giv cn concentration as 
13 respiration However, neither Bonner (33) nor van Ilulsscn (146) 
could find anj acceleration of the respiration of the coleoptile by auxin 
alone iicncc it was conchidcd onij that respiration is "a formal pro* 
requisite for growth" and not that anj respiratory process is involved m 
growth Later work, however, has shown that the relationship is closer 
than that 

In the first place, c> anidc is not the onlj inhibitor of respiration which 
also inhibits growth Commoner and 'humann in 1941 found that 
lodoacctatc is still more effective A concentration of 2 10-* M, after a 
few hours dclaj, inhibits growth compictclj This concentration, how- 
ev er, has little effect on respiration of the coleoptile, w hich requires about 
ten times as high a concentration for marked inhibition (Fig 9) Smee 
lodoacetate inhibits numerous dehjdrogenases, tbej deduced that there 
IS a special dehj drogenase sjstcm which takes part somehow m growth, 
though it cannot be responsible for more than a very small part of the 
respiration Recentlj Bonner and 'U'ildraan (35) have made a similar 
discovery wnth respect to fluondc, namely, that low concentrations 
vnbibvt gto’Ktb but do wot wpptecuibly redujie the oxygen, consuraptuia of 
the coleoptile lodoacetate and fluonde, of course, are both active on 
stages of the phosphorolysis cjcle, and Thimann and Bonner have 
reported (320) that glucose-l-pbosphate releases the inhibition by fluor- 
ide From the work of James, James, and Buntmg (147) it appears that 
the phosphorolj sis cj cle in plant tissue, at least m barley leaves, is similar 
to that in yeast or muscle, being inhibited by fluoride or lodoacetate 
On the other hand, Commoner and Thimann found the lodoacetate inhi- 
bition to be reversed by malate, sucemate, fumarate, and pyruvate, and 
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concluded that the four-carbon acid oxidation system was the one 
in\ol\ed This is supported by the finding of Albaum and co-workers 
(2,3) that intact oat seedlings are also inhibited m growth by lodoacetate 
and the inhibition reversed by the four carbon acids Howe\er, Albaum 
and Eichel (3) find that with intact seedlings the lodoacetate inhibition 
IS also re%ersed bj malonic and maleic acids, which should (in animal 
tissues and bacteria at least) inhibit the four-carbon acid system Since 
also Berger and A\cr3 (25) were unable to find any evidence for succinic 
deh> drogenase in the coleoptile, it must be concluded that at present the 
exact nature of the ensyme sjstcm mvoh cd m growth is not established 



Fio 9 — The cfTect of lodoacelalc on the grow Ih (solid line) and respiration 
(da«hed line) of Arena coleoptile sections Growth may be \ery largely inhibited 
with little decrease in respiration (From Commoner nnd Thimann, 70 ) 

One of the key enzymes is doubtless of sulfhydryl nature and its concen- 
tration appears to decrease with increasing age of the coleoptile (335a) 
Very remarkable support for the conceptions of Commoner and 
Thimann comes from the work of Ryan, Tatum, and Giese (259) on an 
entirely different growth system, that of the fungus Neurospora Here 
also lodoacetate inhibits growth while respiration is less sensitive, at 
about 3 10"* M, growth is reduced to zero while 30% of the respiration 
remams Provided the lodoacetate concentration is not too high, the 
inhibition is released by succinate, fumarate, or malate, and to a lesser 
extent by pyruvate The relation between groivth and respiration in 
Neurospora is somewhat closer than m Avena, and Ryan et al pomt out 
that inhibition of growth parallels that of respiration under certain condi- 
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Uotia if onlv the «0(loacctatc-sensitue part of respiration is considered 
Such a close parallelism docs not cMst m /Irena 

Not onlj IS respiration Imkwl tu drouth, but it is also directly affected 
b> nuxm Commoner and Thimann confirmed the older obseraalions 
(•'ce abo\e) that colooptile sections in water show no increased oxjgen 
consumption when indolcacetic acid is added, but found that if the sec- 
tions ha\c been kept a few hours in sucroac there is a definite nse in 
respiration immcdiateli on iddition of indolcacetic acid (1-10 mg /I) 
\ftcr some hours m mahte tht nse »s larger, 20-35% The former fact 
but not the increased effect of malate wasconfirmcil bj Dergerefo/ (20) 



tiG 10 —The parallelism brincen the ellecu of auxin on growth and on respira 
tion ofcaleopole sections which ha> e prev louslj been soaked IShouratn sucrose (I'f) 
plus malate (0 001 U) (From Commoner and Thimann 70) 

who found indeed still larger increases due to indolcacetic acid m pres- 
ence of sugir The effect of different auxin concentrations on respira 
tion in presence of malate shows a \erj close parallel to tfaeir effects on 
growth (Fig 10) There can be little doubt, therefore, that the growth 
process iniohes a respirator} enz>mic reaction as an integral part, and 
that auxm m some w ay accelerates or acts as a coenzj me for this reaction 

D Relation between Growtii axd Pbotopeasmic Streaming 
in his fundamental experiments on auxin, R ent (348) noted the speed 
of protoplasmic streaming m the coleoptile and suggested that it might be 
responsible for auxin transport While this has been neither confirmed 
nor disproi ed it has become increasingly probable that streaming is con- 
nected w ith the grow’th process and the effect of auxin In stud} mg the 
effect of light on growth Bottelier (38 39) discovered some remarkable 
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parallels between streaming and growth Lxposure to light temporanlj 
retards the rate of streaming as also the rate of growth, and the propor- 
tion between the effectiveness of different wavelengths is the same for 
streaming as for growth Further, both streaming and growth show a 
similar dependence upon oxygen, which varies wnth age of the coleoptile 
This was shown indirectlj by following the effect of temperature on 
streaming rate (39) The rate increases with temperature according to 
the usual van’t Hoff relationship but flattens off at about 21® in joung 
(96-hour) coleoptilcs, this flattening can be prevented bj saturating the 
water with oxjgen Old (2G0-hour) coleoptilcs show no such flattening 
of the curve, which continues upward to 33* Even in old coleoptiles 
the curve can, however, be flattened bj bubbling nitrogen through the 
water The rate at wluch oxjgcn is consumed for streaming therefore 
decreases with increasing coleoptile age 

This fact w as confirmed by Thimann and S\v eeney, w ho subsequentlj 
made an extensive study of the effect of auxin on protoplasmic streaming 
m the coleoptile They first found (334) that auxin m physiological con- 
centrations produces a temporary acceleration of the streaming rate, 
which returns to normal after about twenty minutes If, how ever, sugar 
IS added, the acceleration is maintained for several hours (304), as is the 
growth rate (see Ftg 11 A) The acceleration is dependent on the access 
to oxjgen, It cannot bo obtained after infiltration of the intercellular 
spaces with water (224,302), nor during treatment with dmitrophenol 
(334), which presumably increases the rate of oxygen consumption and 
thus lowers the oxygen tension m the solution Further analysis (305) 
showed that, when the conditions arc such that auxin alone will not 
accelerate the streaming, simultaneous treatment with auxin and malatc 
produced a maximal acceleration These conditions include (a) ver} 
dilute auxin (indoleacetic acid 0 001 mg /I ), (fc) coleoptiles too old (6 daj s 
old), and (c) coleoptiles cut off and soaked 24 hours in water or fructose 
solution (Fig 11 B) Finally, the acceleration is prevented by lodo- 
acetatein the same concentration as it prevents growth, namely, 5 X 10“' 
3/ , and this inhibition is reversed by malate The data thus mdicate 
that the basal streaming rate is not influenced by auxin, auxin however, 
accelerates the rate through iniTucncmg an oxidative reaction invofving 
sugar and malate, which is most probably the same reaction as that 
w^ch leads to growth It is interesting to note that in old coleoptiles, m 
which elongation cannot occur because secondary wall has been laid 
down, the typical acceleration of streaming by auxin and malate mav 
still take place In other words, the fundamental (enzymic) growth 
process need not necessarily cause visible growth (see 305,317) Since 
the streaming acceleration occurs before any detectable growth accelera 
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MNUTES 

Fia 11 — Records of the rate of protoplasmic streaming in coleoplile epidermal 
cells m red Lght Abo\e 1 Effect of auxin (1 ing per liter) plus fructose (l*^) 
2 Effect of auxin (1 mg per liter) alone 3 Control in water (From Sweeney, 
302 ) Below 1 Soaked in fructose (1%), treated with auxin (1 mg per liter) 3 
Soaked in fructose (i%) plus malate (0 001 treated with auxm plus malatc 
2 Soaked m water treated with auxm plusmalate 4 Soaked in water, treated with 
malate alone (From Sweeney and Thunann, 303) Auxin (indoleacetic acid) 
added at time zero in each case 


tion, it may well be the cavse of the accelerated growth It is possible, 
too, that the acceleration of streaming is the means whereby accelerated 
accumulation of plastic materials for the grow th process (see pp 52, 57) 
IS brought about 

As shown in Section VII, B, the growth of roots is inhibited by all 
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but etcessnely lo^\ concentrations of auxm It is of interest that 
S^ccnej (303) finds that the rate of streaming in root hairs of Aiena is 
accelerated bj much lower auMn concentrations than m the coleoptile, 
the optimum concentration being 10“* mg /I as against about 0 1 mg /] 
in the coleoptile cells Inhibition of streaming also takes place at some- 
what lower concentrations than in the coleoptile, but cunously enough, 
remo\al of the seed and coleoptile seems to reduce the sensitivity of the 
root hairs to high auxin concentrations Sweeney also found that 
streaming continues at the normal rate in fully plasmolyzed root hairs, 
thus making it unlikely that streaming has its inception at the proto- 
plasm-cell wall interface 

The way in which the streaming rate could be affected bj auxin is, of 
course, unknowm Northen (222) has found that treatment wath auxin 
decreases the iiscosity of protoplasm, and that this effect parallels at 
least roughly, the effects on growth \\Tiile a reduction m Mscosity 
would doubtless lead to an increase m the rate of flow , the causal connec 
tion, if any, will need to be established by studying both phenomena on 
the same material Probably both arc related to the respiratory effects 
desenhed aho\ c 

E GnowTN A^D Uptake of Wateh 

In its simplest form, the enlargement of plant tissues can be considered 
as depending on uptake of water This must of course be accompanied 
or followed by synthesis of protoplasm and of cell wall Since isolated 
sections of stems or coleop tiles will, however, grow 100% or more m sugar 
and auxin alone, nitrogen uptake and protein synthesis evidently is not an 
integral part of the pnmary growth process The experiments of 
Remders ivith slices of potato and other materials are therefore of con- 
siderable mterest because, instead of measunng elongation, Remders 
(250,251) measured increase m weight m water (or auxm solution), 
which is a direct measure of water uptake In general, her results 
are bke those wath coleoptile sections m that auxin (especially 
indoleacetic acid, 1 mg /I) strongly promotes water uptake m a 
stnctly aerobic jirocess Diy -weight losses indicate that the auxin 
also stimulates respiration in this matenal, particularly in the later 
stages of an experiment lastmg several days If auxm exerts its 
effect directly m reducing the plasticity of the cell walls, as in 
the view of Heyn and Soding, then the increased water uptake 
would be accounted for at once on osmotic grounds This, however 
appears not to be the case Thimann and Schneider (326) showed that 
low concentrations of potassium chloride considerably promote growth m 
auxin solution, and that growth of coleoptile sections is a linear function 
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of the osmotic gradient. TIhs last point was established by using manni- 
tol, to ^^hich plant cells arc highly impermeable (65,66), in the external 
solution; van Overbeek (cited in 320) has reported similar results with 
sucrose. Commoner, Fogcl, and Muller (OS) have show-n that the water 
intake can occur against an osmotic grachent, j c , in presence of sucrose 
solution of plasmolysing concentration. Conductivity measurements 
(Commoner and Mnzia, 09, and unpublished data)’® show that the potas- 
sium chloride, as well as the water, is taken into the tissue against the 
osmotic gradient Commoner et of also showed that this water uptake 
is inhibited by lodoacctatc It is, however, true that growing tissues 
show no change in their osmotic pressure, as against nongrowing ones, 
particularly when in auxin without sugar (234), so that the water and 
electrolyte must be taken in strictly parallel with growth, and perhaps 
the osmotic pressure may equally be maintained internally by starch 
hydrolysis Indeed, auxin does promote starch hydrolysis (208) It is 
tempting to consider the salt uptake to be the pnmsrj’ process, for, as 
Commoner (67) points out, salt uptake is, like grow th, w ell known to be 
typically an aerobic process, requiring earbobyilratc and associated with 
active protoplasmic streaming (140,295,296) On (lie other hand, starch- 
rich tissues like potato grow to a considerable extent in distilled water, as 
shown by Rcindcrs (251 ), so th.at uptake of externally applied salts is not 
necessarily a feature of primary (short-term) growth. Further analyses 
of these relationships w ill undoubtediv 8he<l important light on the funda- 
mental nature of growth 


F CON'CLCSIONS 

The general concept of auxin action which emerges from the facts 
presented can be summanred as follows: 

The auxin may produce a variety of different effects, depending on; 
(a) Its concentration, (b) the tissues on which it acts, (c) its stability in 
these tissues, and (d) the relative ea«c with which it is transported in the 
plant These different effects m all probability spring from one funda- 
mental master reaction in the cell 

The structural requirements for auxin action point to the need for a 
particular set of polar groupings in a particular spatial array, i e., they 
suggest that the moletulc has to combine with a determined spatial 
structure 

There is abundant evidence that auxins combine with proteins, and 
though the exact nature of the combination is obscure, it is probable that 

‘"The author desires to thank Dr Commoner for making available unpublished 
data and discussion 
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different types of combination may occur, and certain that many different 
proteins are m\ol\ed 

The auxins act catalytically 

The action invohes a respiratory process which concerns carbohj- 
drate and the organic acids, this process is linked directly w ith the proto* 
plasmic streaming 

If we put these simplified conclusions together, it is evident that they 
point m one direction auxm is a coentyme (or prosthetic group) for some 
fundamental enzymic process m the cell This process is a bottleneck, 
or limiting factor, through which the uptake of solutes and/or w ater, the 
deposition of cellulose, and all the other appurtenances of growth must 
flow Which process is the primary one, if any. and which are secondary 
remains unsolved 
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isolated from that on others, each group will be treated m a separate sec* 
tion, Tvith its oMn bibliography Interrelations Mith auxin, where these 
are indicated, mil also be taken up in each section 

I. Wound Hormones’ 

A Htstoricm 

When plants aie injuied, there typically results a stimulation of the 
growth of intact cells near the wound to produce scar tissue or “wound 
callus (c/ 2) ” This phenomenon involves the resumption of cell division 
by cells apparently fully mature More than fifty years ago Wiesner sug- 
gested that special substances may be produced by w oimded cells which 
are responsible for this effect A senes of investigations by Haberlandt 
and co-workers went far to confirm this view These expenments arose 
out of Haberlandt’s first unsuccessful attempts to grow plant tissue cul- 
tures In small pieces of potato tuber, renewed cell division leading to 
formation of a periderm took place only if (a) a fragment of phloem tissue 
was present and (6) crushed cells, or an extract of them, were applied (16) 
Control of cell division was therefore ascnbed to tw o hormones, one from 
the phloem, called “leptohormone” and one from wounded cells— the 
“wound hormone” proper The former was shown to be diffusible 
through agar and it may possibly be identical with auxin, though it has 
not been further studied In the kohlrabi root, cell divisions could be 
prevented by washing the mjured surface, and could be induced by cover 
mg the surface with crushed tissue of other plants (17,19) Fmally, b> 
careful dissection, umnjured cells were exposed m the leaves of succulents, 
and shown to respond by cell division to the application of tissue juices 
from other plants Reiche (26) obtained similar results by injecting 
petioles and stems with extracts of wounded tissue Hence the sub- 
stances mvolved are not species specific 

Search w as made for suitable material foi more extensive expenments, 
leading to the use by ilbeira (40) of the parenchj matous lining of the 
hollow stem of the Windsor bean, Vtciaf<Aa, and by Wehnelt (37) of the 
Immg of the immature pod of the kidney bean, Phaseolus vulgans This 
latter test has been adopted in later work 

' 13 Assax Method 

The onlj method extensively used la that of Wehnelt (37), modified 
by Bonner and Enghsh (4) WTien the unnpe beans are removed from 
the pod the parenchymatous tissue beneath is the responsive matenal 
A drop of the juice of crushed tissue (bean juicc is very effective) applied 
to this layer causes a small intumescence a millimeter or tw o high to anse 
* In this chapter each section has its own list of references 
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(Fig. 1). This consists of parenchyma cells elongating perpendicular to 
the axis of the pod and undergo*"" cell dmsion. The height of 


A 






Fio 1 — Upper. Stages m the bean test A, fresh pods, 6, pods slit and seeds 
removed j C, individual seed chambers in petridish, D, drops of test solution in place, 
E, characteristic reaction to traumatic acid after 48 hours, F, cross section through 
seed chamberafter 48 hours, top ron.acontrol, lower row, reaction on the Imearpartof 
the curve 

Lower: Relation between concentration and height of the intumescence limit 
of Donspec'iSo effect is shown at I (From Bonner and English, 4 ) 

the intumescence after 48 hours, measured by a low-power microscope 
on a cross section, is proportional to the concentration of wound hormone 
There is, however, a small reaction, producing an intumescence of about 
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one fifth the maximum height, 'nhich is nonspecific m nature and maj be 
caused by ater, strong solutions of salts or sugars, toxic substances, etc 
This nonspecific effect i\as encountered by Wehnelt (37), ^^llheIra (40), 
and Jost (18), ^ho obtained reactions from such nondescript material as 
2 % levulose and 0 01% citric acid Such results ha%e led to much con- 
fusion in the past The intersection point I m Fig 1 represents the high- 
est nonspecific effect obtainable under the standard conditions, and its 
exact value varies from daj to day Abo\e this the intumescence is due 
to wound hormone alone The maximum height obtainable ^a^es a 
good deal with the variety of bean , Bonner and English found “ Kentucky 
Wonder, broi\’n seed” the best The test is given (beyond the nonspecific 
point) by the juices of many plants, by molasses and brei\ers’ yeast, but 
not by urine, peptone, or meat extracts The jmce of the bean pod itself 
was, however, found to be the most actne source, mth brewers’ yeast a 
close second There seems little support for the suggestion of Silber- 
schrmdt and Kramer (30) that activity of plant extracts on the bean 
increases with mcreasmgly close taxonomic relationship to the bean 

C Purification an» Cuemical Nature 
Numerous pure ammo acids, auxins, xulamms, and other biochexnicals 
were found inactiie (4) Indoleacetic acid i\as found by Jost (18) to be 
actite at 1000 mg /I , but this ivas doubtless a nonspecific effect, due to 
toxicity It was also active, at 100 mg /] , on Wilhelm’s test material 
(see abo^ e) In experiments bj Orsos (23) on the kohlrabi root, t> rosme 
nas found to be active It \ias inactne in the bean tests of Bonner and 
EngUsh Such differences suggest that different plants maj ha\ e differ 
ent limiting factors for the wound reaction, and that there may therefore 
be manj substances interacting to produce the complete reaction 

By extracting bean pod juice first mth acetone and then mth ethjl 
acetate at pH 2, extracting nonacid material with chloroform at pH 10, 
and forming barium salts, English, Bonner, and Haagen Smit (11) 
obtained a crjstalhne dibasic acid, Ci#Hij(COOH)», ivhich Mas actiie m 
the bean test The name proposed is “traumatin” or “traumatic acid,” 
and the structure is apparently that of A’-decene 1,10-dicarboxybc acid 
HOOCCH=CH(CH0,COOH 

This Mas confirmed by s>’nthesis (11) The yield Mas 18 mg fromlOOlb 
fresh bean pods The activity was increased about 50% by addition of 
sucrose (itself inactive) and was mcreased by a factor of two or more 
bj adding some of the discarded acetone- and ethyl aeetate-msoluble 
fractions (themselves of low activity only) This indicates that one or 
more cofactors varymg m amount in the test beans, partiapate in the 
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reaction (see abo\e) The most marked "cofactor” of this sort is 
glutamic acid, i\hich at 0 25% (almost inactive alone) enhances the 
activity of the traumatic acid some ten times (10,30) As little as 0 1 
y traumatic acid, m the presence of a solution of cofactors, gives a detect- 
able response m the bean test Furthermore the acid gives intense cell 
division in Haberlandt’s test (15) on potato tubers (see introductory 
paragraph), and this too is enhanced by the cofactor solution 

Apparently traumatic acid is only one of many closely related sub- 
stances having wound hormone activity The saturated decane-1, 10- 
dicarbo'T^Iic acid is about half as active as traumatic acid (12) The 
substances shown in Table I are all active to varying degrees according 
to English et al (10,12) 

TABLE I 

Dicahboxtuc Acids Ornen Than Traumatic Acid Active as Wound Hormones 
Slight Activity 

Hexane-1,6- (aubenc) Heptnne-l 7 (nzelaic) 

Activity About Half That of Traumatic 
Octane-1 8- (scbacic) Decane 1 10 

Active m Presence of Cofactor Solution 
a*-Octene I 8- A‘-Tndeccne-1 13- 

Ai-Noncnc 16- A' ’ Ortadiene-1 8- 

A*-Nonene-l 6- ^Nonanonc-l 0 

A*-Decene-1 16- (isomer of traumatic) ^Nonanot 1 6- 
A*-Undeceae 1 11 ^Undecanol 1 11 

A'-Trideeene 1,13- 6-Undecanone 1 11 

Maleic acid showed very slight but dehoite activity, succimc acid none 
This fact and the activity of the pairs — octane- and octenedioic acids and 
decane- and decencdioic acids — indicate that unsaturation, while not 
essential, increases the activity Alcohol and ketone groupings m the 
cham do not remove the activity No monocarboxyhc acid of a large 
number tested was active Activity appears, therefore, to be confined 
to dicarboxylic acids with a moderate number of carbon atoms m the 
cham 

In a study of the substance which cames the stimulus when the sen- 
sitive plant (il/tmoso pudica) is touched, shaken, or damaged, Soltys and 
’Dmra't’ti fSh') found ttiab Vneir partiaViy ■pccrAei -preparafnonB -wBre afso 
active m Wehnelt’s bean test Study of other sensitive plants showed 
that activity on Mimosa could be separated from that on the bean test by 
chemical means, but activity on another plant, Aeschynomene xndica, 
appeared to be brought about by the same substance as for the bean test 
The substance of Soltys and Umrath (36) was prepared from leaf extract 
by precipitation with lead and mercunc acetates and extraction with 
alcohol The final product appeared to be a dibasic hydroxy acid of 
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molecular -weight about 420 with probably four acetylatable hydroxy 
groups An apparent nitrogen content of about 2% may be due to 
impurities, since English and Bonner also found nitrogen consistently in 
their semipure preparations Acetylation did not greatlj reduce the 
activity It IS not possible to conclude definitely whether the substance 
IS one of those found actn e by English in the above test , the two hydroxy 
acids mentioned there are both of too small molecular weight Appar- 
ently final purification v, as not achieved 

D Physiologv and Interrelations uith Auxin 
It must be admitted that the physiology of wound growth is far from 
clear For one thing, a considerable part is played by auxin In woody 
plants, wound callus is produced at least in part by the vascular cambium, 
though Sharpies and Gunnery (29) and Sass (28) have indicated that 
parenchyma of medullary rays is the main tissue whose division produces 
callus At any rate cambium typically responds to wounding by cell 
division and formation of new wood (8,9,14) Now this reaction can also 
be produced by auxin, as was first shown by Snow (31) for bean seedlings 
and by Sodmg (32,33) for trees (see 38, p 218, and Section VIII of the 
preceding chapter) The effect of pure indoleactic acid on poplar and 
willow was very sinking, the new wood produced withm 30 days being 
up to 1 mm wide (32) In white pine the new wood so formed is of the 
“rot-holt” type (39) Nevertheless this effect is limited to a region 
about 3 cm below the point of apphcation of the auxm Also m the 
experiments of Rogenhofer (27) on the formation of callus at the base of 
poplar twigs, the effect of auxin was limited to a distance of about 3 cm 
below the pomt of application In the work of TVershing and Bailey (39) 
on “rot'holz” the effect of auxm was not transmitted very far down m 
young plants From a variety of experiments, however, we know that 
auxm 18 not hmited to such short distances in its transport Indeed, the 
activation of cambium in the spring, by the developing buds, travels all 
the way down the trunk, tahmg many weeks to do so (7) Presumably 
this stimulus IS (at least m part) auxin, and indeed it was shown by 
Avery et aJ (1) that auxm produced by the developing buds does in fact 
move dowm the shoot (apple trees were used) approximately parallel to 
the spread of the cambial activity It appears that withm a very limited 
period m the spring even externally applied auxin can produce cambial 
stimulation over long distances, up to 23 cm , as shown by Gouwentak 
and Maas (15) with ash trees {Fraximis ornus) If auxm can indeed 
travel long distances, at least m the spring and activate cambium, why 
then IS the wound reaction of cambium hmited to a few centimeters, and 
w hy IS under most condition* the effect of applied auxm similarly hmited ^ 
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Some light is throwm on this question by the n ork of Brown (6) By 
cutting incomplete nngs nith a bndge of bark remaining m the balsam 
poplar {Populus balsamtfera). Brown showed that the wound wood was 
formed onlj weakly below most of the nng but w as very strongly formed 
m a streamer below the bridge such as would be produced bj a substance 
being transported polarh m the bark (Fig 2A) From this and othei 



A 



Fio 2 — K Cambial activity in relstioQ to a longitudinally bridged ring aaahoNvi 
by xylem formation under the bark lo Populu$ bahamifera The dotted lines indicate 
feeble cambial activity without differentiation of >essels or libera (From Brown 5 ) 
B Cambial activity in three unila from the three->ear old portion of one leader 
shoot of Popvlui tolram /era The upper (a) and lower (c) umts were treated at the 
distal end (top) with mdoleacetie acid 1 mg /g lanolin The middle (6) umt 
treated with lanolm only llie longitudinal br dge (</ Fig 2A) m the lower sections 
IS at the extreme right of each unit (From Brown and Cormack 6 ) 


experiments he concluded that two factora are invofved in the wound 
reaction the cambial hormone which mo^es basipetally downward m the 
phloem or cambium (33) (and is presumably auxin) and a wound sub 
stance w hose effect is only local Brown and Cormack (6) showed that 
if the auxm is apphed some 22 cm above the woimd the wound reaction 
IS much greater than without auxin but is still localized (see Fig 2B) 
The cambium cultures of Gautheret (13) which continued to grow 
indefinitely on culture media as largely undifferentiated callus w ere con 




82 


KENNETH V THIMANN 


siderably stimulated by traces of auxin added to the medium , presumably 
the act of cutting from the tree produced \\ ound substances, enough at 
least to start the growth (see Section VIII, A of the previous chapter) 
In this connection it is i\ orth noting that a crude bean extract, rich in 
traumatic acid, greatly promoted the grow th of fragments of bean paren- 
chyma m culture medium (3) The fragments did not grow indefi- 
nitely, houever, so that no true tissue culture resulted All m all, it 
seems probable that the whole wound reaction involves in some way 
mteraction of auxin with traumatic acid or other wound hormones 
Where auxm appears to have no effect, as in the bean pod, we may sus- 
pect it IS already present in optimal concentration 

There is a parallel for this in the case of root formation on cuttings 
here auxin applied at the base frequently has a greater effect if one side of 
the cutting is wounded This has been found by numerous horticultural 
w orkers, and especially by Rappaport (25) and La Rue (20) While it 
may be that the wounding improves the uptake of auxin, it seems unlikely 
that the effect can be due to this alone Sodmg’s finding (34) that 
cambium scrapings from one plant (Acer) stimulate cambial activity in 
another (^eltan^Aus) is also suggestive in this connection 

Another important unknown is the biochemistry of the formation of 
traumatic acid As early as 1929 Petri (24) suggested that the wound 
hormone must be an oxidation product of a compound normally present 
m livmg cells The structure of traumatic acid would support this, and 
Nye and Spoehr (22) have pomted out that oxidation of Cis orgamc 
acids, particularly Imolenic acid, could yield hexenal (which they isolated 
from Ailanthus leaves) and traumatic acid (see also 21) Certainly Cu 
acids occur m plants, but so little is known of the fatty acid metabolism 
of plant tissues that further discussion is valueless 
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II. Flower-Fonniag Honnones 
A Introduction 

Unlike the hormones discussed above, flower-forming hormones or 
“flongens” have not been conclusively proved to exist Extracts or 
•jiiijparrfcroifii ‘tvuui Tl/’a’i/a, bnjpmg vtloivlci -atri vtCinhJoi t/i 

transport in the plant, have never been obtamed m spite of many efforts 
The evidence that a flower-forming hormone exists is thus indirect, 
although very strong, and it may be that flowering is controlled m some 
way by a balance between several substances 

Although Sachs m 1880 had put forward the concept of special 
flower-forming substances which would cause the growing plant to change 
over from the production of leaves to that of flow ers, the early workers in 



84 


KENNETH V THIMANN 


general considered that flowering was dependent on the condition of the 
whole plant In 1907 Klebs developed evidence that flowering is induced 
by a low ratio of carbohydrates to soluble nitrogen, a view supported 
later by the work of Kraus and Kraybill (34) on the tomato Never 
thoroughly established, however, this conception was weakened by 
numerous subsequent w orkers, and was rendered untenable when Knodel 
(32) showed that in the same species, with a given carbohydrate nitrogen 
ratio, flow ering may or may not occur while the plants may flower with 
very different values of this ratio 

B PlIOTOPERIODlSM 

Ihe whole subject was put on a practical experimental basis by the 
discovery of Gamer and Allard (22) that flowering is controlled by the 
length of day Some plants flower only when the day is shorter than a 
critical length (commonly ten hours or less), others only when it exceeds 
a critical length (commonly twelve or fourteen hours), while others again 
are essentially "day-neutral ’’ It is not necessary that the prescribed 
length of day be maintained up to the time of flowering, frequently only a 
short treatment is necessary' For example, plants of dill {Aneihum 
graoeoUns) when grown in a day length ("photoperiod") of nine hours 
remained in a vegetative condition for eleven months, but, after exposure 
to four long days (eighteen to nineteen hours) and then return to the 
short days, they flowered m a few weeks Instead of the four photo- 
periods, continuous illumination lasting 84 hours w ould also cause flower- 
ing withm a month (28) On the other hand, cocklebur {Xanihxum 
pennaylvamcum), after growing vegetatively for many months on long 
days, could be induced to flower by treatment with a single short photo- 
period The former is termed a "long-day" plant, the latter a “short- 
day” plant , in general the subsequent production of flow enng by exposure 
to a particular senes of photopenods is called "photoperiodic induction ” 

Many other examples, and detailed discussion of the large volume of 
work on photopenodism, may be found in the reviews of Garner (21), 
Tincker (56), Loehwing (39), Adler (1), Hamner (24,26), Burkholder (7) 
and two recent books (58,63) 

There are sundry secondary effects The temperature prevailing 
dunng growth is of importance in some cases, the range of critical day 
length being a function of temperature, thus, to quote only one of many 
examples, Baena chrysosioma, which requires long days for flow enng, 
will not flow er m long days or even contmuous light if the temperature is 
above 25°C (54) Soybean, on the other hand, although a short-day 
plant, will not flower on short days if the temperature is too low (50) 

In one case, that of dill, a long-day plant, w ounding of the stem or of roots 



in OTHEn PLM«T noriMONES 


85 


greatly increases the tendency to flower (48) Nutntion sometimes 
exerts a modifjing influence, m barley (a long-day plant), nitrogen defi- 
ciency may induce flowering in spite of the photopenodic conditions, 
that IS, on a nine-hour day (3) Intensity of light may affect the actual 
length of the effective photopenod, in the case of Xanlhtum 30 minutes 
will suffice if the intensity is high enough (20) These secondary points 
need not concern us here ^^^lat is important, however, is that within a 
species, different vaneties ma> have quantitatively different require- 
ments In extreme cases the requirements may be almost opposite, 
thus, m tobacco (A^tcohano tabaeum), the varietj Samson wall flower on 
long photopenods while Marjland mammoth is a short-daj plant 

C ExPEniMENTVL BvSIS OF THE HoKMONE CONCEPT 

It was shown in 1925. by Gamer and Alhrd (23) that, when only a 
part of the plant was exposed to photopenodic induction, the stimulus 
to flowenng need not be limited to that part \^Tien Cosmos siilphureus, 
a short-da> plant, had the upper part completel> darkened and the lower 
part exposed to short daj , the lower part flowered, but on retummg the 
whole plant to long days the upper part subsequently flowered Garner 
and Allard did not make any deductions as to the significance of this 
translocation, and the development of this Ime of approach into the 
hormonal concept was only initiated ten >cars later, first being fore- 
shadowed by the experiments of Knott (33), and later estabhshed, in 
1930, simultaneously by five mvestigators, Cojlachjan (8,9,10a) and 
Afoshkov (46) m Russia, Kujper and TViersum (36) m Holland, and 
Melchers (41,42) m Germany 

Cajiachjan's expenments with chrjssntberaura, a "short-day ” plant, 
were designed to study the importance of leaves m recemng the stimulus 
to flowering After some preliminary work on millet, which indicated 
that the response to change in day length depended on the amount of 
leaf surface exposed, he set up a large group of chrysanthemums of equal 
age and size The grow ing points and all the upper leav es and all lateral 
shoots except those in the upper part of the plants w ere remov cd, leaving, 
therefore, only leaves near the base and shoots near the apex They 
were then divided into four groups as follows group J received long day 
throughout, group S were also kept in long day, but the leaves were 
covered daily after ten hours, group S had the shoots covered daily after 
ten hours but the leaves were uncovered, and group 4 received short day 
(ten hours) throughout 

Thus we have (J) leaves and shoots in long day, (S) shoots in long 
day, leaves in short, (S) leaves m long day, shoots m short, and (4) leaves 
and shoots in short day 
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In another similar senes the shoots left on were those near the base, 
the lea\es were those near the apex, and the four groups the same as 
abo\e In both series, only the shoots of groups £ and 4 . flowered 
Thus the photoperiodic stimulus is (a) received by the leaves and (b) 
transmitted along the petioles, the mam stem, and the side shoots to the 
buds Cajlachjan (8) states * 

"As in the processes of groTi th the regulatory function is performed b> the hormone 
of growth, «o m the processes of development this role is performed by a specific 
hormone of fiowenng The flowering of the plants and subsequent seed formation is 
due to the sufficient amounts of this hormone, which is formed m the leaves and trans- 
located into the growing points ' 

Moshkov had been working on frost rcastance He found (45) that 
white acacia can be prevented from freeimg m the wnnter by subjecting 
it to short days m the latter part of the preceding summer Defoliated 
branches, however, could not be protected in this way Hence he came 
to consider that frost resistance, like flowering, is conferred by a photo- 
penodie stimulus received bj the leaves His experiments on chrysan- 
themum (46) were similar to those of Cajlachjan, but more elaborate 
They confirmed the latter m showing that exposure of the buds alone to 
short day did not induce fiowenng Exposure of the leaves, but not the 
buds, to short day, induced flowenng consistently Of the leaves, the 
two youngest were sbghtly effective, while the next four, 1 e , those young 
but fully developed, were the most effective in receiving and transmitting 
the stimulus This pomt was confirmed by Borthwick and Parker (5) 
for soybeans, in w hich the most effectiv e leaf w as found to be that which 
had most recently attamed its full size The same w orkers (4) confirmed 
also that application of the photopenod to the growing point alone does 
not imtiate flowering, only the leaves can receive the stimulus 

Among other interesting results, Moshkov showed that exposure of 
alternate leaves along the plant to short da> did not induce flowenng, so 
that there is an mhibtting effect exerted bj those leaves which are in the 
long day This also has been confirmed bj Borthwick and Parker (4) 
using soybeans with one branch in short day and one in long, the latter 
flowered only when it was defoliated 

The expenments of Kuyper and Wiersum (36) were also with •soy- 
bean {Glycine max, var Vilmonn) another short-day plant Tw 0 senes 
of plants were grown, one in short dajs (9 5 hours) and one in long (thir- 
teen to seventeen hours) Those m the long day produced no flowers 
• The work of Cajlachjan, Moshkov, and others is most unfortunately largelj 
published m Russiau For careful and critical translations the author is much 
indebted to Miss K Zarudnaya Cajlachjan'a conclusions, but not the main expeii 
ments, are set out m English (10a) 
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throughout the expenmental penod Apical parts of plants growTi m 
short day, and already bearing Doner buds, were grafted to bases of 
long-daj plants, and the plants then maintained m long day After 
about seven neeks all the basal parts produced one to several floner buds 
Thus the flower-forming substance or stimulus nas transported from the 
plant grorni in short day, across the graft, to produce flowenng m the 
part nhich had never received short day The experiments were later 
confirmed and extended (35), but were not successful nith another 
variety, thej believe that this is because with this variety the short-day 
graft continued to grow and blossom so freely in the long daj that it used 
up all the flower-forming substance in itself 

This latter phenomenon was noted by Cajiachjan (11) in verj similar 
experiments with Penlla nankinensta The “hormone-donating” shoot, 
which had been given short day, was again grafted on to a “hormone- 
acceptor” stock which had had only long daj When the donator had 
only leaves and the acceptor only shoots, the acceptor flowered freely 
But when the donator had shoots, or the acceptor had leaves, transference 
of the flowenng stimulus was weak or absent Very similar results, but 
with the stock treated with short days and the soon m continuous light, 
were obtained by Moshkov (47a) (see also 27) 

Mclchcrs’ expenments (41,42) were earned out wiUi black henbane 
(Hi/osq/amus ntger), of which he used a biennial race t c , one which 
flowered only m the second year By grafting into the crown of one- 
year old plants, close to the growing point, a shoot of the two-year old, 
the growing point of the one-year old plant was caused to flower The 
material appears to graft very readily, and numerous variations of the 
experiment are possible (see below) 

D Transport or the “Hormone” 

In the expenments of Cajlacbjan the flower forming stimulus traveled 
with apparently equal facihty either up or down the stem, exposure of 
basal leaves caused flowenng of apical shoots and vice versa This is in 
strong distinction to the movement of auxin, which (see Chapter 2, Sec- 
tion IV.) under normal conditions travels m a stnctly polar (basipetal) 
direction There are some indications that the flowenng stimulus 
travels more readily down the stem than up Thus, m Moshkov’s 
earlier work (45) on the frost resistance of acacia, the stimulus was found 
to travel downward from exposed branches into the trunk, but not 
upward Similarly, Kuyper and co-workers obtained upward move- 
ment of flowermg stimulus (t e , stock on short day, scion on long) in only 
one plant out of 23, while the reverse movement took place m nearly all 
cases It must be remembered, however, that transport of the substance 
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15 being deduced from observations of its effect In view of the opposing 
influence of the leaves on long day, shown in Moshkov s expenments 
above, and also in those on cocklebur by Hamner and Bonner (27), and 
confirmed by numerous others, transport upward could well occur with- 
out resulting in flow enng Borthnick and Parker (5) found in soya that 
transport occurs equally in both directions, and th^ experiments discussed 
below all agree in this respect transport is not polar (see also 44,52) 

It appears that transport maj occur m anj tissue except the wood 
Cajlachjan (11) showed with PertUa, a short-day plant, that, if the leaves 
which were given short day were separated from the buds by a section of 
stem in which a one sided cut was made, the buds still received the 
stimulus and subsequently flowered, indeed, the side of the shoot directly 
above the cut flowered just as soon as the opposite side This is taken 
to show transverse as well as longitudinal movement, but this deduction 
depends on the number of nodes between the stimulated leaves and the 
teceunng buds However, he also showed that chrysanthemum leaves, 
of which the mam vein was cut through, thus remaining attached to the 
stem only by parenchyma tissue at the base, could donate the flowering 
stimulus to buds on the main stem Although Lubimenko and Buslova 
(40) were unable to obtain this result with PertUa oci/motdes Cajlachjan 
later (12) repeated it successfully on Penlla nariktnensxs There «eems 
no doubt, therefore, that the “hormone” can travel in parenchyma 

In the experiment wnth Penlla mentioned above, if instead of a one- 
sided cut the shoot was completely girdled, cutting all phloem, the 
stimulus was not transmitted In later expenments (12) the “hormone” 
was shown to move from one side to the other of a Penlla stem sht longi- 
tudinally all the way down to the base In this case transport was from 
the apical leaves down to the base through the bark, then transversely 
through cortical parenchyma and up again through the bark to the grow- 
ing points of the lateral shoots 

All the evidence therefore supports the view that the "hormone” 
travels in any direction m the plant, but only in Iivmg tissue Since 
living tissue is involved it is not surprising to find that local application 
of low temperature to the stem between the donating leaves and the 
receiving buds greatly delays transmission of the stimulus (6,13) AppU 
cation of ether or chloroform to an mternode also completely inhibited 
transport (13) 

E Lateh Work ov Hormonal Nature of thf Stimulus 

In the work discussed above, flow enng has been envisaged as an 
‘all or-none” phenomenon either the plant forms flower buds or it does 
not K valuable step forward therefore, was made when Hamner (25) 
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introduced the measurement of the number of fiower buds formed With 
this procedure he was able to show that, for a fixed cjcle of nine hours 
light and fifteen hours dark, the effect, t e , the number of flower buds, is 
linearly proportional to the number of •«uch cjcles (see Fig 3) Such 
quantitatue results \erj strongly support the hormonal nature of the 
stimulus Bj the same procedure it was also shown that both the light 
and the dark penods* arc needed for completion of the flower-forming 
process m the short-day plants soybean and cocklebur This is not true 
for long-day plants, some of which, such as dill wnll flower in continuous 
light 

The attempts made so far to extract an active hormone preparation 
have been suggestive but not convincing Hamner and Bonner (27) 



1' iG 3 — ^ESect of number of c> clcs each consisting of a nine hour photopenod 
and a tturteen hour dark period, on the number of floral primordia produced by 
Biloxi soybean (From Hamner, 25 ) 

made graftmg expenraents mth whole plants of A'anfAium in which one 
plant with leaves was given short days, the other, defoliated, given long 
days The graft was of the veneer tjpe, le, both plants on their own 
roots After the graft had taken, the acceptors, t c , the plants on long 
day, flowered ^Vhen the expenraent was repeated, but wnth lens paper 
in«ierted in the graft, the long-day plants also flowered Unfortunately 
this latter experiment, which is crucial, could not be satisfactonl} 
repeated, and Withrow and Withrow (59) have subsequently pointed out 
that, where transmission of the stimulus is observed, growth of tissue 

* To parallel the term photoperiod X\ent has suggested 'nyctopenod" (Gr 
lYus, NvKti = night) for the dark period The more exact meanmg of darkness 
would be given by skotopenod” (Gr 5Jlofos •= darkness) but, since this might lead 
to phonetic confusion nvetopenod may be preferable 
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through the lens paper has occurred It is probable, therefore, that the 
successful result ^^as due to a small amount of cellular connection A 
more stnbng claim was made m 1937 by Moshkov (47), who grew chrys- 
anthemum under continuous illumination, removed the first four leaf 
blades, and attached to their petioles glass tubes filled with water Into 
these were inserted leaves from plants growing m short day and therefore 
containing the “hormone “ Moshkov states 

"No coalescence took place, nor eoutd have done so, if only because the leaves 
were changed every day Even bo, some ol the chrysanthemum plants subjected to 
euch treatment formed flower buds, whereas the control did not form any ” 

To the author’s knowledge, no confirmation or extension of this most 
important experiment has been reported, nor is any unpublished work 
on this point mentioned in Cholodny’a book (16) It only remains to be 
added that neither Hamner and Bonner (27), Sivon and Went (54), nor 
any other workers have obtained a flower forming effect with any 
combination of known growth substances or vitamins applied to leaves 
or roots, except m the pineapple (see Section J, page 96) However, 
the number of flowers may sometimes be increased by a variety of 
chemicals, m plants which are already flowering 

About the only safe conclusion from these expenments is that the 
flower-forming material may pass outside the tissue, but it is not proved 
It seems certain, however, that quite small amounts of matenal are 
involved, and that small amounts of living tissue suifice to transmit it 
In some respects the data are suggestive of the behavior of viruses 

F Specificity or the Material 

Numerous expenments show that the “hormone” is not species 
specific, and, what is more important, that the flowering “hormones” 
of long-day and short day plants are the same Moshkov (47) used 
Samson tobacco, grown in continuous light, as hormone donator, and 
Maryland mammoth as acceptor Grafts of Samson on the latter caused 
it to flower in continuous light, provided only that the grafted scion was 
fairly large (25-30 cm long) Short scions (4 5 cm long) were inade- 
perhaps because they did not contain fully developed leaves (see 
above) Cajiachjan (11) siniilarly used sunflower {HeUanlhus annuus) 
as donator and artichoke (Hebanthus tuberosus) as acceptor m grafting 
experiments and obtained good flowenng in the latter Hemze ei al (30) 
made numerous grafts of soybean varieties on one another, and obtained 
good transmission of the flower-inducmg stimulus, particularly when the 
acceptor plant was defoliated Where smgle leaves were the donator, it 
w as necessary for them to stay on for four days to cause flow enng in the 
acceptor 
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More remarkable is the nonspecificity m Melchers' experiments (43), 
in i\hich shoots, or even single lea\es, of the short-day Maryland mam- 
moth tobacco were grafted close to the growing point of one-j car-old 
plants of Hyoscyamus ntger Both plants are m the same family (iSofon- 
aceae), but separate genera The IIt/o$eyamus was thus induced to 
flower, but the curious result was obtained that it flowered equallj 
whether the tobacco had been grown on long dajs or short This evu- 
dentlj means that e\ en in long da>s the tobacco produces the “hormone,” 
but IS pre\ented from flowering either because there is not enough of it, 
because some other factor is needed as well or because an antagonistic 
substance is also present (ree below) In later experiments a leaf of 
Hyoscyamus grown in long daj , grafted on to the Maryland mammoth 
tobacco mduced the latter to flower in long da> ^Vhatever the expla- 
nation of there phenomena, it is quite clear that the “hormone” is 
nonspecific 

G The Lioht-Sensitue System 
At least in the case of the long-day plant, it is evident that the “hor- 
mone” must be produced by bght Considerable interest therefore 
attaches to the photosensitive system involved, particularly since it must 
be mainlv present m mature leav es Moshkov from the first considered 
chlorophyll and the ordinary pbotosyntbetie system to be responsible, 
and he explained the difference m effectiveness between young and 
mature leaves as due to differences m the amount or activity of chloro- 
phyll But only recently has this view had any direct support 

The first evidence that photosynthesis is involved came from the 
experiments of Parker and Dorthwick (50a), who showed that carbon 
dioxide must be supplied to the plant in order for photomduction to lead 
to flowering That this is due to the need for carbon dioxide m the 
actual photomduction process, and not for the general life of the plant, 
was made clear by Harder and Wtsch (29) using an individual leaf of 
Kalanchoe as hormone donator, and showing that carbon dioxide must be 
specifically supplied to that leaf, while it is on short day 

As early as 1933 Rasumov showed that red li^t behaves like white 
for the photopenodic effect, while blue and green act like darkness 
Withrow and Benedict (60) and Katunskij (31) confirmed this m general, 
though with some differences in regard to the effect of blue on certain 
long-day plants Funke (20), however, finds the effects of red and blue 
light are different for different plants More careful spectral studies 
usmg illumination of equal intensities (59) have shown that both m long- 
aud short-day plants the lon^r wavelengths of the visible spectrum 
between 5770 and 7000 A are the most effective (see Fig 4) This 
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Fig 4 — Influence of color of hght on flowering The light was given at 100 
ergs/cm * {with blue abo at 400 ergs/cm • m center pot) as supplement to natural day 
to make a total of 24 hours illununation 

Above Scabtosa atropurpurea Scabious after 81 days below Spinacta oleracen, 
bpmach after 37 da>s (From Withrow and Withrow 61 ) 
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obviously suggests the spectrum of chlorophjll, and indeed Katunskij 
(31) specifically noted a secondarj maximum in the blue and concluded 
that the cfTcct of dilTerent uaxclcngths ‘«ell correlates with spectra of 
chlorophjll absorption ’ 

Kccentlj Parker ct al (51) ha\e made a more thorough study wath a 
specificallj dc'!ignc<l spectrograph to test this Instead of gi\ing the 
whole illumination bj sclocle<i spectral bands with dl the accompanying 



Fic S . — Composite action spectrum for suppression of floral initiation in eoj bean 
(Soja max) and coekUbur ( VantAium pcnnsjffranicum} plotted on tivo different ordi 
nate scales The 60 >bean curve represents energy required at middle of fourteen 
hour dark penod to prevent floral initiation the cocklebur curve represents energy 
similarly required at middle of twelve hour dark period (From Parker Hendneks 
Bortbwack and Scully 51 ) 

complications due to different amounts of etiolation and photosynthesis, 
thej used the spectral bands to interrupt the dark period ith Biloxi 
^OJbean and with cocklebur a bnef interruption of the minimum dark 
penod, provadmg this interruption occurs near the middle of the penod, 
prevents flowering (see 25) The immmum energj needed to prevent 
initiation of flower buds is plotted against wa\elength in Fig 5 The 
position of the cut off at the red end and the sharp drop between 4900 
and 5400 A , are particularly suggestive, but the agreement with the 
chlorophyll spectrum at the blue end is not so good The tentative con 
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elusion IS " the action spectrum is due to a porphyrin like material iihich 
IS) probably chlorophyll ” 


H Theoketical 

Hamner (20) has put fornard the following theory to explain m gen- 
eral terms the phenomena discussed above for short day plants (1) A 
substance or condition A is produced by light, its rate of production vanes 
with temperature and with light intensity, and it decomposes slowly in 
darkness or m w eak light In both short and long-day plants A increases 
up to a maximum with increasing time of illumination (2) A substance 
or condition B is produced m darkness, also increasing up to a maximum 
with increasing dark time Bnef exp^ure to light destroys B at once 
(one minute’s lighting during the dark period prevents flowenng of 
Xantkium, 27) (S) When B reaches threshold concentration it mter- 

acts wnth A to produce the flowering hormone or flowenng condition C 
The stabihty of C vanes in different plants, as shown by diffenng degrees 
of transfer in grafting expenments etc The minimum dark penod for 
flowenng of short-daj plants is thus the time needed to reach threshold 
concentration of B 

The situation in long day plants is less clear Since some long-day 
plants can flow er m continuous light, B w ould either have to be light 
stable in these plants or else conceivably not needed at all, t e , as soon as 
A reaches the threshold concentration C is formed 

An entirely different theory for long-day plants is that of Meicbers 
and Lang (44a) according to which the failure to flower in short days is 
due to the breakdown of some essential carbohydrate In Hyosq/amus 
mger, feeding of sugar allows flowenng in short days, glucose, fructose, 
mannose, sucrose and maltose were equally effective Flowenng was 
also induced m short days by placing the plants m pure mtrogen dunng 
the dark penod, this, according to Melchers and Claes (44b) reduces 
the carbon dioxide production of the leaves The normal Pasteur effect, 
however w ould lead one to expect an accelerated carbohydrate break- 
dowQ in nitrogen It is conceivable, therefore, that the stnkmg results 
of these workers may have another explanation 

J Role of Auxin 

The relation between auxin and flower formation is somewhat obscure 
In a general way auxin exerts an influence which opposes flowering For 
instance, conditions leadmg to v^ocous growth, and presumably there- 
fore to active auxm formation, tend to delay flowenng An example is 
high nitrogen fertihzation, which ^nerally promotes vegetative grow th 
and may delay flowenng, see also Borodin's result (3) with low nitrogen 
given above In tobacco, hi^ nitro^n promotes high auxin formation 
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in the stem tip (2), hoT\e\er, this is not the case in tomato (67), which 
shows no correlation at all between growth rate, auxin production, and 
added nutnents In oats, general nutnent deficiency (including nitrogen 
deficiency) hastened flowenng (13a) but in millet it caused a slight delay 
The most stnkmg instance of the antiflowenng action of auxm is 
given by the experiments of Dost&l and Hosek (19) on Ctrcaca In this 
plant isolated nodes from the apex will form flowers, those from the 
center will form leafy shoots, and those from the base storage organs 
•The flowering of the most apical nodes is, however, as was long ago 
observed by Dostdl, dependent on presence of the leaf If now the cut 
surface is treated wnth indoleacetic acid m lanolin (“auxin-paste”) 
flonenng is completely inhibited, and the bud forms instead either 
vegetative runners or tubers The experiments were earned out under 
presumably long-day conditions (Brno Czechoslovakia, m July) Here 
evidently the auxin has acted strongly against flowering Another 
expenment with auxin is unfortunately bj no means so clear-cut Obsil 
(48a) reports that application of indoleacetic acid in hnolm to young 
shoots of Lycopus very strongly inhibited flowering, as compared to 
controls The shoots were halved longitudinally, each pair of opposite 
buds thus furnishing one treated and one control bud, in the same stage 
of maturity But since the criterion adopted was the actual opemng of 
flowers, It 13 most probable that the effect was the normal inhibition of 
buds by auxin, which would be expected to occur, and which is discussed 
m Section \ II of the preceding chapter An isolated fact which may 
prov e significant is the observation of Zimmerman and Hitchcock (62) 
that tniodobenzoic acid applied to tomato plants causes axillary buds 
to develop into flowers There is reason to believe (20a) that this sub- 
stance is an antagonist of auxm (in high concentrations) * since in soy- 
beans It inhibits elongation and promotes lateral bud development, 
while it decreases auxin curvatures m the Aiena test Treatment of 
soybeans with 200 mg /I tniodobenzoic acid increased the average num- 
ber of flowerbuds from 3 2 to 36 2 However, it did not cause flowering 
on long days Galston (20a) concludes that there is normally antago- 
nism between auxin and the flowenng hormone 

A very interesting and suggestive expenment of Sokolovsky (cited in 
16) should be mentioned in this connection It will be remembered that 
in Moshkov’s 1936 expenments, the plants m which alternate leaves along 
the plant were given short day did not flower Sokolovsky found that 
if these plants were decapitated they did flower A similar phenomenon 
was observed by Reece, Furr, and Cooper m the mango (53), in which 
removal of the terminal bud dunng the flowenng causes the axillary 
*Ia lower concentralions tniodebeuxoic acid actually promotes the effect of 
auxm (54a) 
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buds, which would have remained vegetative or dormant, to differentiate 
into floners Since the terminal bud is the major source of auxin in the 
plant, it might be suggested that removal of this source is enough just to 
turn the balance between auxin and flowering “hormone ” 

Defoliation acts m a similar way In Hyoscyamus mger, Lang and 
Melchers (38) obtained flowering on both short and long day when the 
plants were completely defoliated, one leaf regrafted and mamtamed in 
short day was enough to prevent flowering (37) Leaves are of course a 
source of auxin though not so powerful as the terminal bud 

When seeds are treated wnth auxin and growth acceleration results 
(15,55) there is often a slight delay in flowering 

A striking exception to this generally somewhat antagonistic effect 
of auxm to flowering is furnished by the pineapple Here a brief treat- 
ment with any one of seieral auxins (indoleacetic, naphthaleneacetic, 
and 2,4 dichlorophenoxj acetic acids in particular) induces flowering 
promptly and almost quantilatu el> (17,18,49) Some varieties respond 
only in certain seasons (18) others at all times and with a treatment of 
only 0 25 mg per plant (49) No other plant of all those used in the 
various types of auxin or of flow enng experiment responds m this way, so 
that for the present this behavior must be regarded as quite exceptional 
Cholodny, m his book (16), attempts to support the thesis that the 
flower-forming stimulus is exerted by a group of substances, one of which 
IS auxin They are supposed to be effective only m certain specific 
proportions However, the possibility that auxin plays at least some 
part in promoting flowenng had been considered by Cajlachjan and 
Zdanova (14), who made some experiments designed to show that leaves 
produce the most auxin under conditions in which they do not produce 
much flower forming “hormone “ They diffused auxin from leaves into 
agar blocks and apphed these to the outside of coleopliles — a somewhat 
msensitive method — and the results so far as leaves are concerned, were 
inconclusive They did show clearly, however, wnth stem tips that 
auxin production increases with the duration of illumination, and that 
this IS so for short -day (hemp chrysanthemum), long day (lupine, mus 
tard) and day-neutral (sunflower) plants (14) Production of flower 
forming hormone of course, is not a simple function of illumination, and 
at least in short day plants must decrease wnth mcreasing illummation 
The fact that the mature leaves have greatest flower-forming effect, as 
mentioned above also shows that auxio is not the active agent, since 
mature leaves produce much less auxin than very young ones 

We may conclude that auxm, if it plays any part at all m flower 
formation is in most plants an antagonist to the process Whether 
flowering results from a balance between the flowenng “hormone" and 
< 111 X 10 or other antagomstic substances is not proven as yet, but the 
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phenomena of flov, cnng do stronglj surest that at least two factors are 
working m opposite directions, and that the difference between short- 
and long-day plants is due to differences in the rclatn e rates of synthesis 
or destruction of the«e factors 
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III Leaf Growth Substances 

As was mentioned in Chapter II, expansion of the leaf blade does not 
seem to be under the control ol auxin, while growth of the veins probably 
IS Growth of the blade js very sensitive to light, leaves of seedlings 
groMTi m complete darkness being always very small and tmexpanded 
When equal energy exposures are given, the green region of the spectrum 
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IS much loss effective than the rest (15, and literature cited therein) 
The process is not, however, a simphi function of photosynthesis, for 
Gregory (5) found m cucurbits that its temperature coefficient differs 
from that of photosjnthcsis, and deduced that a special photochemical 
reaction produces a substance which causes leaf expansion In plants 
growing on controlled photopenods, the sixe of the leaves is often a 
function of the length of the photopenod (7), though the night tempera- 
ture IS also a controlling factor V 3 r\jan (12) showed that leaf growth 
w as dependent on the presence of cotyletlons, and Went (13 14) confirmed 
and extended this, showing clearlj that in the dark-grown pea seedling 
some factor or factors, stored m the cotj Icdons, controls expansion of the 
leaf blades Part of hi*! results are summanzci] m Table II 
TABLI II 

Leif Area of tTiOMTFu Pea Sefdunci Tfa Days after Opfratiovs 
Indicated 

Total Area of 
First and Sec 
end I/eavcs 


Condilvon of Tlant, Mm * 

Before treatment 24 

Boots and cotyledons rcmoicd 24 

Cotyledons remoAcd 24 

Boots removed 41 

Intact 42 


It IS endent that the cotjledons, but not the roots, promote leaf 
growth Bonner, Ilaagen Smit, and Went (3) therefore examined the 
effectiveness of the diffusate from pea cotyledons in promoting leaf blade 
growth They used discs cut from the bases of young tobacco or radish 
leaves grown m the light Tlic discs grew about 40% more in pea dif- 
fusate plus 1% sucrose than in the sucrose alone The reaction is 
independent of pll between 4 and 7 Certain ammo acids, particularly 
proline and asparagine, and some purines, particularly ademne, were 
active (2), but the greatest increase of growth obtained was only about 
20% Auxin, thiamin, and other vitamins were inactive Embryonic 
pea leaves showed a much greater effect when cultured in the pea dif- 
fusate (3) AsshowninFig 0, they reached a larger size on this medium 
in darkness than they would have done on the plant In experiments 
of the greenhouse type adenine was found to increase the leaf area of 
Cosmos plants grown m sand culture (2) It is of interest that adenme 
promotes the rooting of leaf cuttings (10) and that purines are known 
to be among the important nitrogenous constituents of leaves (11) 
Whether these substances really act as leaf growth hormones m the plant 
IS, however, not proven In cultures of isolated stem tips of rye {Secale 



Fra G — Grow th of {tax es e\ci«ed from ctiotatcd pea seedlings in culture solution 
after one month Top row iii water alone middle row in inorganic salt medium plus 
1% sucrose Dottom ro\ in the same plus 1% standard pea diffusatc solution 
(From Conner Haagen Smit and Went 3) 



Fig 7 — Left Tomato shoot with simpi Red leaxes and enclosed growing point 
(+) Right Double leaf of tomato with fused petioles Both from buds treated 
with auxm (From La bach and Mai 6 ) 



Fig 8 Leaves of C/romr Left Two leaves from control plants Right Five 
leaves from plants exposed to vapors of ethjl esters of 2 4-dimethjbcyleneoxyaeetic 
and a{2 4-dimethylxylenox>) propionic acids (From Zimmerman et a! 16 ) 
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cereale) on a sucrose-salts medium, De Ropp (4) found no promotion of 
grow th of the leaf bj pea diffusate or any other plant extract, nor by anj 
\itamins, hence the situation m monocot3 ledons maj’ be quite different 
Thus the whole problem remains in a suggestive, rather than a convinc 
mg, state 

Although auxms do not appear to promote growth of the leaf blade 
m formed leaves, they do so m the rapidly developing leaf primordia 
This was first observed by Laibach and Mai (6), who showed that, w'hen 
buds were treated with auxin, the subsequently developed leaves showed 
vanous abnormahties, including fusion of petioles and the growth of leaf 
tissue all round the growing point to enclose it like that of a monocoty- 
ledon (Fig 7) That auxin applied to buds actually increases the size of 
leaf pnmordia w as shown bi Snow and Snow (8) and Ball ( 1 ) Recently 
a number of experiments with the vapor of estenfied auxms has been 
carried out by Zimmerman and co-workers, from one of whose papers (16) 
Fig a 13 taken (see Chapter 2, pp 17-21, 51) It shows clearly that leaf 
blade (mesophj II) tissue has extended laterally under the influence of the 
auxin Similar abnormalities were obtained by Ball (1) in Tropaeolum, 
the widening of the foliar pnmordia being particularly cicar-cut and often 
leading to coalescence of two leaves at the base An extensive histologi- 
cal examination of this phenomenon will be found m the paper of Ball 
It is not easy to interpret such observations, embrjonie leaves when 
damaged can regenerate their parts (9), so that some of these cflccts may 
be due to recovery after injury rather than to growth promotion proper 
In any event, such responses seem to be limited to very young pnmordia 
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IV. Vitamins, Steroids, and Carotenoids as Plant Hormones 

Since vitamins are produced m plants, and since they take part in 
reactions of fundamental and qmte general importance, it is hardly sur- 
prising that they should, to some extent, act as hormones in the plants in 
which they are produced The following is a very brief survey of the 
mam aspects of their hormonal activity The early work has been 
reviewed by Bonner (3) and a full review published by Schopfer m 1943 
(49), of vhich Chapters G and 7 are particularly pertinent 

A Vitamins op the B Group 
1 Tktamtn 

The early work of Robbins in 1922 (39,42) and Kotte (28) showed 
that isolated excised root tips will grow for a time m a medium containing 
only inorganic salts and sugar, but better when yeast extract or peptone 
IS added By studying carefully the optima! concentrations of all con- 
stituents of the medium, White (1934) eventually was able to make 
continuous subcultures of tomato roots and thus to achieve "potentially 
unlimited growth ”* The factor m yeast extract mainly responsible for 
the grouth was shown simultaneously m 1987 by Bonner (2) for pea 
roots, and Robbins and Bartley (41) and White (5G) for tomato roots, to 
be thiamm Isolated roots can be groivn indefinitely in the salts-sugar 
medium iiith added thiamin, although their growth is not as rapid as 
with yeast extract (see below) 

The discovery that thiamm is a grow th factor for higher plants was 
actually made, before the work on root cultures, by Kogl and Haagen 
Smit 10 1936 (27), who used isolated embryos of peas, freed from the 
cotyledons, cultivated in the dark on a nutrient gelatin medium They 
found that biottn greatly improved the grow th of the shoot, but also that 
pure thiamin (“aneurin”) at 0 01 mg /I increased both the length and 
the branching of the roots A selection of their results is given in 
Table III 

The response of pea embryos to thiamm as well as other factors was 
further studied by Bonner and Addicott (9) Many tissue cultures, 
growing in light, appear not to require thiamm (Gautheret, 22,23) 
Roots, like many nucroorgamsms, can utilize a mixture of the thiazole 
and pyrimidine moieties instead of the intact thiamm molecule Bonner 

• For a complete discussion of plant tissue cultures see the reviews of White 
(55 58 60) and Gautheret (22 23) 
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TABLE III 

Gbowtii or IsoiATKQ Pea Eubbtob in the Daee 
ov SccKosE — I noroanic Salts — Gelatin Medicu*-* 


Addition 

mg /I 

Shoot, 

Hoot, wt 

Thiamm 

fiioUn 

0 

0 

92 


0 OOOS 

0 



0 003 

0 



0 04 

0 



0 4 

0 



0 

0 01 



0 004 

0 004 



0 2 

0 03 




■ Pvtsh -weight in miUigmms nftcr eight neefct 
* From Kflgl and Flugen Smit (27) 


(4) Ehoived also that certain changes may be made m the molecular 
structure ■rnthout impairing the availability of these compounds for 
grovrth A h) droxyl group m the tbiazole, and the C-amino group in the 
pynnudme seem to be essential The requirementB have been com- 
pared to those Cor numerous cmcroorganisms m the review of Knight (26) 
Evidence that thiamin promotes growth m plants does not neces- 
sanly establish it as a hormone, of course The hormone function of 
thiamm m the plant derives from our knowledge of its production and 
disinbution The distnbution of thiamm in the plant has been studied 
by the use of the fungus Pkycomyccs blakcslteanus, whose grow’th m a 
standard medium was shown by Sebopfer (48) to be strictly proportional 
to the thiamm present The method was worked out by Schopfer and 
lung (K)) and applied to plant tissue by Kyt* (4b), ButkboldeT and 
McVeigh (17), and Bonner (6) With this method it has been sbowm 
that the growmg apex has the highest concentration of thianun, and that 
there is a gradient of concentration from the youngest to the oldest 
leaves Roots hav e a relatively low concentration , the thiamm is trans- 
ported there from the leaves (15) Tilie data of Burkholder and McVeigh 
(1940) for two varieties of com (Zro mays) are summarized m Fig 9A, 
and those of Bonner (1942) on tomato in Fig 9B It is of interest that m 
these different plants the absolute concentrations are very similar, 
20 y/g dry weight in the tomato apex is about 0 07 millunoles/kg dry 
weight, nhile 60 X 10“’ moles/kg fresh weight m the correspondmg tips 
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of the corn is about 0 06 millimoles/kg drj weight The relatne con- 
centration m the roots is, however, lower in corn than in tomato, averag- 
ing in fourteen hybrids only a quarter of that m leaves of medium age, 
while m tomatoes the \alue is about two thirds 

These concentration data do not give any indication of direction of 
movement Bonner’s expenments on girdling (7) show clearly, however, 
that the thiamin travels out of the mature leaves to the young leaves and 



Fig 9 — Dutnbution of thiamia in leaves buds and roots expressed as t/e 
weight A corn data of Burkholder and McVeigh (17) The figures in brackets 
are determinations on another variety B tomato, data of Bonner (6) Bon 
ner s data are given on a dry weight basts and have been corrected to fresh weight 
assuming 90% water content 

growing point and to the roots 4Vhen the petiole of a mature leaf was 
girdled thiamin accumulated above the girdle, when the mam stem was 
girdled just below the apex and the youngest leaves, it accumulated 
below the girdle When the mam stem was girdled near the base (above 
the second node), however, thianun accumulated above the girdle 
These data not only show the direction of movement, t e , from mature 
leaves to the growing apex and to the roots, but indicate that at least 
most of the transport of thiamin takes place in the cortex What the 
function of thiamin is m the growmg leaves and terminal bud is not clear, 
but certainly in the roots it is essential for growth as discussed above 
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The actual function in roots is the same as m animal tissues, namely m 
decarboxj lation of P 3 ru\'ic acid Horo^vitz and Heegaard (25) ha\e 
shmvn that the carboxylase of pea roots u«es thiamin pyrophosphate as 
coenzyme The thiamin seems to be \erj closely Imked to protein, dur- 
ing the action on pyruvate the enzyme loses much of its actmtj through 
the splitting off of piTophosphate, but the thiamm remains protein- 
bound Thiamm is therefore a hormone produced in the lea%es and 
transported to the roots to induce growth there, te, a true growth 
hormone 


2 Pyndoxine 

In in\estigating the question as to why growth of isolated tomato 
roots was better when brown sugar was used instead of pure sucrose (the 
usual morgamc salts and thiamm being present), Robbms and Schmidt 
(43,44,45) studied the influence of \anous possible impurities in the 
brown sugar The ash was only \cr> slightlj beneficial, while ammo 
acids and nicotinic acid were without effect but pyndoxine (vitamm B») 
had a large and immediate effect The average weight of roots in 50 ml 
of culture solution was raised from 3 4 mg with 5 t thiamin to 1C 1 mg 
with 5 7 thiamm plus 1 y p 3 'ndoxine Robbms and Schmidt consider, 
therefore, that on thiamm alone the roots s 3 Tithesirc enough p 3 Tidoxme 
for slow, but not for maximum, growth Cunously enough, f\Tute (67) 
could not at first confirm this effect of pyndoxme either with his or with 
the Robbms and Schmidt strain of tomato Nevertheless, Bonner and 
Devinan (12) did confirm il with another strain, and Bonner ( 8 ) again 
found pyndoxine essential for growth with three clones of tomato root 
and also ( 6 ) for roots of sunflower {Helianthus onnuus) Subsequently 
TiTute m 1943 (59) did find an acceleration of growth when p 3 mdoxine 
was used as supplement to thiamm m the tomato root clones of all three 
groups of workers 

If it IS accepted that p 5 Tidoxme is essential for root growrth, at least 
m some plants, then data on the distnbution and movement of this sub- 
stance m the plant are needed to establish its hormonal nature It is 
evidently not synthesized m the roots themselves Bonner and Borland 
(13), usmg a Neurospora mutant for bioassay of pyndoxme, find the high- 
est concentration m the young (but not the 3 oungest) leaves and a steady 
decrease throughout the older leaves TTiere is also a gradient in the 
stem from apex to base, although the roots appear to contam more 
(14 y/g ) than the basal part of the stem (4r-9 y/g ) Girdling experi- 
ments show, again, accumulation above a node near the base and below 
a node near the apex, also above a girdle m the petioles of mature leaves 
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It IS evident, therefore, that pyndoxme is mainly produced in young but 
mature leaves (c/ the flowering “hormone" discussed abo\e) and trans- 
ported both to the growing apex and to the roots Since it promotes 
growth at least m the roots, pyridoxine must be classed as a growth 
hormone 


3 Other Compounds 

The situation for the other vitamins of the B group is not so clear 

Nicotinic acid was originally showm to be essential for pea roots and 
for tomato (12), but neither White nor Robbins and co-workers could at 
first confirm the effect Later, however, Robbins (40) and Bonner (8) 
showed that different strains or clones of tomato roots varv greatly m 
their need for nicotinic acid While (59) finds a small beneficial effect 
of nicotimc acid when glycine, thiamin, and pyndoxme are all present 
By analogy with other such ca<5es, particularly among microorganisms 
it IS probable that all roots require nicolimc acid for growth, but thal 
many strains can synthesize sufficient for their needs As yet no data 
are available on the distribution and transport of mcotmic acid, but 
since some roots at least do not produce it m optimum quantities, it is 
likely that they w^ll be stimulated by any which reaches them from the 
shoot, this would make nicotinic acid a sort of growth hormone, at least 
in certain stiams of tomato and pea 

Pantothenic acid shows a gradient of concentration from apex to base 
in the tomato plant according to Bonner and Borland (14), but the con- 
centration m the roots (29 ir/g dry weight) is about equal to that m the 
apex and youngest leaf (35 7 and 23 3 T/g , respectively), so it is possible 
that It IS synthesized m the roots In any event, it is not certain that 
there is a real requirement for pantothenic acid m roots or any other part, 
though a growth-promoting effect in the pea embryo has been reported 
(10) Its accumulation at girdles indicates transport similar to that of 
thiamin and pyndoxme Riboflavin, on the other hand, though showing 
a gradient of concentration from apex to base, did not accumulate much 
above girdles on the stem or on petioles, and Bonner (6) has found evi 
dence that it is synthesized in root tips of tomato and four other plants 

Biotin promotes growth in isolated pea embryos, especially of the 
shoot (Kogl and Haagen Smit, 27) (see Table III, above), and is evi 
dently supplied to the growing seedling from the cotyledons, in which 
most of the biotin is stored Furthermore, biotin promotes the forma 
tion of roots m response to auxm, when ample auxin is supplied at the 
same time (see 54, Chapter XI) It has no effect on the growth of iso- 
lated oat coleoptiles In addition to the limited experiments with pure 
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biotm, Dagj'S (19) has made a number of deterramatJons of the distnbu- 
tion of “bios II " The bios activity was determined on yeast growth 
It may be identical vith biotm, or with biotin plus thiamin The bios 
II content of buds increases sharply m the spnog v.hcn the buds begin 
to deielop, and remams high during the summer in mature and gromng 
Iea\es In the gromng seedhng it decreases tn the cotjledons and 
increases m the embryo Thu*' although its acti\ ities are not entirely 
clear, biotin ma^ veil proie to be a plant hormone 

In the above discussion attention has been centered on substances 
which behave as hormones in the strict sense of the word not merely as 
“growth factors'* Thus ascorbic acid definitely promotes growth m 
isolated pea embrjos (11) and in whole tobacco plants (20) and to a 
smaller ertent in wheat (2-l),nboflavnn promotes growth of eggplants (20) 
etc , but its role as a hormone not clear The follow^ng two sections 
will summanre bneflj a large quantity of expenmental work who«e 
significance for the hormonal control of growth and development is much 
more debatable 


B bTLROlOS 

Accelerative cfTects of steroid preparations on plant growth have been 
claimed by numerous workers m the past fifteen jears At first, the 
presence of auxm in manj of the crude steroid preparations engendered 
doubts, but more recently clear cut effects have been obtained Pure 
estrone was shown to promote growth m the pea embryo bj Kogl and 
Haagen Smit (27) and m other isolated embryos (10) Various investi- 
gators, espcciall> Scharrer and Schropp (47), have found acceleration of 
flowering or growth promotion on treating whole plants or even fields of 
crops, with amtnal sex hormones However, many negative results have 
also been reported (see the reviews of Thimann, 52, Bonner, 3, and 
Bomskov, 1) Some of the*® may be due to lack of control of other condi 
tions, for instance, Chouard (18) found that dihydrofolliculin (estradiol) 
accelerates growth and flowenng of asters, but only when on an eight 
hour day, when given 15 to 22 hours of illumination no effect of the sterol 
was observed With Fuchsia, Burkhardt (16) found that high dosages 
of estrone only gave growth promotion when the “microelements" were 
added to the nutrient solution Lower estrone concentrations promoted 
growth and flowering under all conditions of mineral nutrition A clear 
acceleration of grow th and increase m dry weight were obtained in three 
vaneties of a grass, Poa alptna, by Zollikofer (61) Interestingly enough, 
ZoUikofer subsequently found (63) that diethylstilbestrol is also activ e 
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in promoting vegetatu c growth, and for a given concentration appears 
somew hat more active then estrone This certainly suggests something 
in common betA\een the effects on plant and animal tissue 

If there is really a requirement of steroids for plant groiUh, then it is 
evident that plants \ ary a great deal in their ability to synthesize enough 
for their needs Although steroids do occur m plants, e%udence that they 
are produced and transported as true hormones is u holly lacking Pres 
ence of steroids of the estrogen type was first shown in plant matenal by 
Loewe and Spohr (35), and by Dohm e/ of (21) as early as 1926 There 
IS some e\ndence for the occurrence of male hormones also (see Bomskov, 
loc ctl ) 

At first it w as thought possible that the steroid sex hormones might 
control sex in plants, but the effects observed can, with one exception, be 
ascribed to an influence on growth generally (see Zolhfcofer, 62) The 
exception, however, vs proxided b> the mteresUng work of Lo%e audLoxe 
(33,34) on \anous tjpes of normal and intersexual flowers oi Melandnum 
dioectum Crystalline estrone, estradiol, and estradiol benzoate, applied 
m lanolin paste to the axils of leaves m which flower buds would later 
develop, definitely shifted the subsequent flowers toward the female side, 
suppressing the development of anthers and promoting that of the 
gjuiecium Testosterone and its propionate had the opposite effect, 
promoting maleness These rc&ults apparent)^ establish that animal 
sex hormones can control the sex expression of plants It remains to be 
seen of course whether such control is exerted by these substances under 
physiological conditions and id the concentrations normally present 

C Carotenoids 

Apart from their role m absorbing the bght responsible for photo- 
tropic curvature, (see Section V of the previous chapter), the claimed 
hormonal effects of the carotenoids are few Lazar (32) found that 
carotene promotes root formation in Impatiens seedlings Such an effect 
has not been reported m other plants, and remains unconfirmed More 
remarkable are the experiments of Moewms (36) and of Kuhn, RIoewus, 
and CO w orkers at Heidelberg (29,30,31) According to this work, the 
unicellular green alga Chlamydomonas eugametos is controlled m many of 
its activities by the carotenoids crocetm and safranal and their denv a 
tues which are excreted from the cells mto the surroundmg solution 
Crocm or crocetm gentiobioside, whose excretion is promoted by red 
light causes motilitj of the gametes Crocetm dimethjl ester causes 
copulation of these gametes and the sex affected depends on the previous 
irradiation of the solution There are eight sexes, from the strongest 
female through intermediate forms to the strongest male, and the copu 
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lation of each requires a specific period of irradiation with blue light 
This was traced to a conversion by light of the cis into the trans isomer 
Thus 95% cts and 5% irans activates the strongest females, 85% ets acti- 
vates the next group, 75% the next, and so on, finally 6% activates the 
strongest males Further, safranal causes maleness and a glucoside of 
safranal, picrocrocm, causes fcmaicness The published results have 
certain inherent improbabihties, which arc discussed bj Philip and 
Haldane (38), Thimann (53), and hlumeek (37), and, though Smith (51) 
did find a small effect of light in promoting copulation of gametes of three 
Californian strains, no other part of the work has been confirmed else- 
where The interpretation is made more complex, too, bj the later 
finding (28a) that the activity of picrocrocm is probably due to an 
impuntj of 10* times higher activnty This substance, obtained from a 
Crocus species, appears to be a mcth>l ether of quercetin and thus qmte 
unrelated to the above carotenoids An excellent summary of this work 
has been given hj Lang (31a) 
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V. Additional Postulated Hormones 
We have seen that, m the case of flower formation, the observations 
point strongly to the existence oS a flower forming hormone or "florigen, 
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but that proof of the existence of such a hormone has not been forth- 
coming In tR 0 other cases there is evidence for the functioning of a 
special substance or hormone, but proof of its existence has not been 
obtained These ba\e been brought out by the ^^ork. of Went, uho has 
referred to the postulated substances as “calines ’ 

V Rrizocaline 

When m 1925 \an der Lek (11) earned out his tarlj experiments on 
root formation in cuttmgs, be postulated that the dc% eloping bud forms 
a hormone nhich moies doiv-nward in the cutting through the phloem 
and accumulates at the ba«e, producing roots there Went later (20) 
found that the diffusate of lea\es promoted root formation, and Bouil- 
lenne and ^^ent (2) shoned that the active substance is transported 
polarly from apex to base, it appeared to be stored in buds and cotyle 
dons, and formed b3 leaves in light To this hormone they gave the 
name “rhizocalinc ’ WTien it was subsequently found that the root- 
forming hormone was identical with auxin (see preceding chapter, Sec- 
tion VI), the conception of rhizocalme as n specific root forming factor 
was retamed b> Went (21,22), and the idea put forward that auxin causes 
root formation pnmaril> by inducing the accumulation of rhizocalme in 
the basal zone of the cutting On the basis of experiments with bypo- 
cotyls of Impaitena seedlmgs, which form large numbers of roots without 
auxin and show very little increase when treated with any concentration 
of mdoleacetic acid, Bouillerme and BouiUenne (1) insisted that auxin is 
not "the root-forming factor" In an extensive study of plant tissue 
cultures, Gautheret also concluded (8) that although root formation is 
due to hormones produced in buds, these hormones are not identical with 
auxin The experiments of Howard (10) on root formation m kale at 
first led him to the conclusion that auxin converts leaf initials into root 
initials, but he later showed that new root initials were formed verj' close 
to the auxiliary bud Whether a shoot initial once formed can ever be 
con> tried into a root is thus not clear 

It should, of course, be remembered that sucrose and thiamm are 
required for the roots to grow out, and in some plants also mcotmic acid 
and pyndoxine Thus auxin is certainly not the only factor controlling 
the formation of visible roots Indeed, m the kidney bean {Phaseolus 
vulgana) Thimann and Poutasse (19) showed that a supply of available 
nitrogen, particularly potassium nitrate, asparagine, or adenine, pro- 
motes root formation much more strongly than does auxin, which pre- 
sumably IS present m nearly optimum concentration These materials 
exerted their effect partly by promotmg the mamtenance of the cutting, 
an effect which was also exerted by the leaves (see below ) In Impaltens, 
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too, the ammo acids glycine and alanine had an effect on the general 
maintenance of the hypoeotyl cuttings (1) These substances, however, 
are essentnlly external factors There are clearly internal factors other 
than auxin mi oU ed in root formation Many plants do not root from 
cuttings even with optimum auxm treatment The peculiar fact that 
cuttings from young plants may form roots freely while cuttings con 
sisting of tissues of the same age, but from older plants, do not do so was 
6rst noticed by Gardner (7) This was extended to various trees, espe- 
cially pines and spruces, b> Thimann and Dehsle (18) They* showed 
that this difference m rooting ability i>ersists e\ en in presence of optimum 
auxin treatment There is also a difference between the responses of 
different types of cuttings made from the same plant Recently \an 
Overbeek and Gregory (15) studied the parallel case of rooting and non 
rooting varieties of the same plant Leafy scions of red (“rootable") 
Hibiscus were grafted to woody stocks of the white nonrootmg vanety 
and the resulting cuttings, after auxin treatment, formed roots readily 
This experiment strongly indicates that an internal transportable factor, 
coming from the leaves (c/ 4,19), cooperates with auxin m root formation 
Indeed many workers have found a strong effect of leaves in promoting 
rooting of a vanety of cuttings (see Section VII of the preceding chapter) 
On closer analysis (14) this factor supplied by the Iea\es of Htbtseus 
proved to consist of carbohydrate and nitrogen nutnents, and to be 
wholly replaceable by knowm substances, particularly sugar, ammonium 
sulfate, or arginine, in physiologically reasonable concentrations The 
concept of a “hormonal" factor, therefore, receives no support from this 
work 

Evidence for the mobilization of rhizocabne by auxin treatment was 
brought by Cooper (3), who treated lemon cuttings at the base with 170 
or 500 mg /I mdoleacetic acid and after 15 hours cut off f in of the base 
On now re-treating with auxin, very few roots were formed — m fact no 
more than when the bases were cut off without a re-treatment Controls 
from which the bases were not cut off rooted freely The portion 
removed is thus thought to have contained the rbizocalme However, 
Hellinga (9) Pea^se (lb), and Dcaimutter (b) repeated Cooper’s experi 
ments wath larious other plants and found no such effect Indeed, 
Cooper himself obtained this result only with certain auxm concentra- 
tions and tunes of treatment In Hellinga’s experiments wath Coleus, it 
was necessary to apply sugar to the cuttmgs Went (24) pomts out that 
m Pearse's willow cuttmgs most of the roots are formed from pre-existmg 
primordia and not developed de novo, and shows that, m pea seedling 
treated basally wutb 500 mg /I mdoleacetic acid, cuttmg off the base and 
retieatmg does not produce as many roots as m controls treated first 
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\\ith water To some extent the same treatment may be applied unwit- 
tingly ^^hen cuttings are treated basally with too high an auxm concen- 
tration For instance, Thimann and Delisle (18) shoned that nith blue 
spruce the treated base, nhich presumably nould contain the mobilized 
rbizocalme, dies completely but roots are then formed above the dead 
portion 

Somewhat more indirect though very suggestive evidence is given by 
Went’s experiments (23) on root formation at the base and apex of 
auxin-treated seedbngs When auxin is apphed to dark growm pea 
seedlmgs at the apex, the location of the resulting roots depends on the 
auxm concentration used At Ion concentration the polarity of trans- 
port IS normal, the auxm goes to the base, and all roots are formed at the 
base At high concentrations the transport system is overloaded or 
paralyzed (30) and some of the roots occur at the region treated, t e , at 
the apex 'When this happens, however, the number of roots at the base 
does not remain maximal but actually decreases In other words “the 
roots at the apex are formed at the expense of those at the base ' (22) 
Went concludes, therefore, that the total number of roots is limited by a 
factor other than auxin 

Fhenylacetic acid is quite inactive for root formation m cuttings of 
etiolated pea seedlings, but such cuttings, if first treated with pbenyl- 
acetio acid, afterward give an mcreased rooting response to auxin (24) 
This curious behavior is explained by Went m terms of the mobilization 
of rhizocalme by the phenylacetic acid, which in this respect is considered 
to act like a true auxin Kc thus envisages root formation as a dual 
process (f) the accumulation of rhizocalme at the base, which may be 
brought about by substances inactive or only weakly active as auxins, 
and (S) the activation of the rhizocalme, resulting m the formation of 
roots, this requires true auxins The only reasonable conclusion from 
all these expenments is that there probably is more than one internal 
“root-forming” factor, but the evidence that auxm “mobilizes” such 
matenal is as yet far from convincing 

B Cavlocaeine 

The expenments of Went (22,23), which indicate the storage of a leaf- 
formmg factor m pea cotyledons, were discussed above (p 99) Very 
similar data were obtained which suggest the production m roots of a 
stem-forming factor Seedlmgs were decapitated and the stem length 
of the resulting lateral branches was measured The clearest experiment 
IS shown in Table IV It is evident that stem growth is dependent on the 
roots, but not on the cotyledons Ibe factor responsible for stem growth 
was termed “caulocalme ” 
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TABLE IV 

Stem Levoth or Axillart Bees atter Decapitatiov and Placinq Bases in 
2% Socrose* 


Condition of Plants 
Cotyledons and >oota removed 
Roots temov ed 
Cotyledons removed 
Intact 

• From Vt ent (22) 

* Dark grown plants, kept in dark throughout 


Stem Length of 
Buds, hfm 
1 0 
1 9 
21 2 
2& 3 


The provision of sucrose solution obviates the possibility of carbiAy- 
drate as a limiting factor and goes some w ay tow ard eliminatmg the role of 
water The role of roots in promoting stem growth might, however, be 
due to improved water supply, as was suggested by de Ropp (5) in con- 
nection with his observation that stem tips of rye show greatly increased 
grow’th when they form roots \ demonstration of increased stem 
growth without the participation of roots is therefore desirable This 
has been furnished by Went and Bonner (29), who cut off tomato steins 
at the base and kept them m darkness with various solutions applied to 
tw^ of the {eaves, the bases being in water Such stems grow little and 
do not respond to auxin appreciably, though they do grow after roots 
have been formed The application of coconut milk to one leaf, how* 
ever, definitely mcreases stem growth (see Table V) The use of coconut 
milk was suggested by the finding of van Overbeek, Conklin, and Blake* 
slee (13) that this matenal promotes the growth of plant embryos in 
tissue culture Pea diffusate and, to a lesser extent, y'cast extract or 
potassium nitrate solution were al^ active 


TABLE V 

Ewinoation or Tomato Stems in Darkness* 


First leaf in 

Second leaf in 

J Growth, mm * 

1 First daj 

Second day 

Water 

Water 

0 

Dead 

Sucrose 10% 

Water 

2 7 

D 3 

Sucrose 10®7c 

i Cocomit mdlr 100% 

4 2 

; 2 9 

Sucrose 10'^ 

Coconut milk 50% 

4 5 

3 1 


• From Went and Bonner (1943) 

* Mean of six plants 


Rxtracts of roots were, however, inactive This expenment certainly 
indicates that some factor besides auxnn or sugar, though not necessarily 
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a hormone, is necessary for stem growth Another experiment of Went 
(26) goes far toward eliminating the factor of water supply as an explana- 
tion of the effect of roots on stem growth In this a part of the root sys- 
tem was submerged m nutrient solution, the other part allowed to grow 
in moist air Such plants showed greater stem growth than controls 
with the roots wholly immersed even though vugorously aerated Went 
concludes that the oxjgen requirement for caulocalme production is 
greater than that for uptake of salts and water 

In other expenments Went (27,28) has attempted to determine what 
are the limiting factors for growth of the entire plant Neither in peas 
nor in tomatoes is the ether-extractable auxin content of the tip correlated 
wnth general grow th rite In tomatoes the w ater supply from the roots 
also does not limit grow th In peas, in which different stem growth rates 
were obtained bj means of different grafting combinations, ^^ent con- 
cludes (23,27) that growth rate depends primarily on a factor coming 
from the stock, t e , stem base and root 8>stem, this factor is designated 
as the caulocalme 

Strong eiidence that roots are not essenhal for stem growth, however 
(though they appear to promote it), comes from two recent studies 
Loo (12) succeeded in growing isolated stem tips of asparagus m a simple 
nutrient medium and making apparently unlimited transfers These 
rootless stem tips grow mdefimtely in light, though on the rare occasions 
when roots were formed the growth rate of the stem tips mcreased three- 
or four-fold, as was noted also by de Ropp (5) with rye stem tips The 
other IS that of Skoog (17) with tissue cultures of callus formed by a 
tobacco hjbnd, described and first cultured by White White showed 
(31) that these calluses, which grow as organless tissue when on the sur- 
face of solid media, readily produce stems when immersed in the culture 
solution, and Skoog’s observations make clear that such stems are formed 
and elongate freely, quite independently of roots Roots indeed are very 
rarely formed, though occasionally a well-developed stem with leaves 
will giie nse to a root Skoog concludes that no “caulocalme” is neces- 
sary for stem grow th Internal factors may, of course, play an important 
part in controlling growth and differentiation “but in contrast with 
calines these substances mu&t be present in all cells’ (17) It is, of 
course, not excluded that they roav be produced more vigorously m roots 
than m stems 

Finally the proposed role of caulocalme in bud inhibition may be 
mentioned briefly As shown m Chapter II, pp 39-41, the application 
of auxin in place of the terminal bud causes the continued inhibition of 
development of the lateral buds Went (25) brought forward a number 
of experiments to show that this action is due to the mobilization of 
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caulocaline by the auxin, i e , it is accumulated at the point where the 
auxin IS applied, so that none is available for growth But (as was 
described in Section VII, A of the preceding chapter) lateral buds may be 
inhibited when the auxin is applied directly on them, and not ebewhere 
on the stem, and isolated lateral buds growing in nutrient solution are 
strongly inhibited by auxin m the solution It is possible, of course, that 
such inhibition m vttro maj’ not be the same phenomenon as inhibition of 
buds on the intact stem, but evidence for this is lacking Although the 
phenomena of inhibition are very puizling, such facts make it difficult to 
mv oke the mobilization of a bud growth factor to explain them 
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VI Hormone-Like Substances m Fungi 
Compared to the amount of work on higher plants, the phjsiology of 
the fungi has been surprisingly little mvestigated Nevertheless, there 
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are a number of instances m which some process has been either postu- 
lated or pro^en to be controlled bj a substance produced wnthm the 
organism Most of these are connected with the sexual reaction The 
mfluence of extemalli applied substances, particularly \itamins, on 
sexual development or on the production of fruitmg bodies will not be 
discussed here This work has been reviewed, together with all effects 
of vitamms on fungi, in the book bj Schopfer (18) 

The first evidence of the sort here considered was brought for mem- 
bers of the Zygomycetes, m w hich hj phac of -b and — strains fuse to form 
zjgospores at their point of contact on a ‘solid medium As long ago as 
1924, Burgeff (4) showed that in Mueor mucedo before the two m>celia 
come mto contact, there is inhibition of elongation, followed by charac- 
tenstic swelling and branching, which he considered as the mitial stages 
m the se'xual reaction By separating the and — strains wnth a col 
lodion membrane these effects were proved to be due to a diffusible sub- 
stance (or substances), both strams being affected 

Burgeff’s findmgs w ere confirmed by Kohler (7) and also, with another 
organism, Phyeomyces blakesleeanus, by Ronsdorf (1C), who obtamed 
evidence that, as might be expected, two diffusible substances were con- 
cerned, one produced b} each strain The mtensity of the sexual reac- 
tion w as greatly increased by adding histamine to the medium Thiamin 
was shown by Schopfer (19) tohaveasimilar effect on while 

m Melanospora destruens Hawker (6) has shown that both thiamm and 
the balance between carbohydrates suppbed control the formation of 
zygospores In a third organism, Ptlobolus erystalhnus, Krafezyk (8) 
agam obtamed similar results, showing clearly that, as Burgeff had mdt- 
cated earlier, there are at least three distmet processes under hormonal 
control, namely, the branching and swelling { ‘telemorphosis”), the 
growth of special hyphae toward one another (“zygotropism"), and the 
delimitation of the gametangia 

Very similar phenomena occur m the aquatic forms, and here progress 
has been much greater Couch m 1926 (S) observed some distance 
effects, corresponding to those of Burgeff, with Dtctyuchus monosponis, 
but he could obtam no direct evidence for diffusible substances, the 
collodion membrane experiment being negativ e 'However, ‘Bishop O') 
with Sapromyces reinschit, obtained much clearer evidence and was able 
to cause increased branchmg in the tips of the hyphae of the male plant 
by addmg the water m which the female plant had grown The extensive 
studies of Raper (1939-1942) with two species of Achlya, A btsexuahs 
and A ambisexualts, mclude a similar experiment, as well as one with a 
cellophane membrane d la Burgeff Rom observations of this type, as 
well as from the ngid sequence of events m the sexual reaction, Raper 
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(10) deduced that four substances are mvolved, as foIlo\%s Hormone A, 
produced by the female plant, which starts the reaction by inducing the 
formation of anthendial branches near the tips of the male hyphae (c/ 
“telemorphosis," above), Hormone B, produced by the male plant after 
the abo\ e reaction, causing the formation of oogonial initials on the tips 
of the female hyphae, Hormone C, produced by the oogonial initials (and 
not bj other hyphae of the female plant), uhich causes the anthendial 
hjTihae to grow toward these initials (c/ “zygotropism," abo\e), and also 
induces the delimitation at their tips of the male gametangia, or anther 
idia, and Hormone D, presumably produced by the anthendia, which 
causes delimitation of the oogoma from their stalks, and subsequent 
deielopment of the oospheres Since this stage takes place usually after 
direct contact with the anthendia, the endence that it is controlled by 
a diffusible aubstance or hormone is not fuUj convincing 

The existence of at least the first three substances was pretty well 
proved by exposure of plants at the appropnate different stages of 
del elopment to diffusates from cultures of the opposite sex The two 
Achlya species evidently use and produce the same hormones, though the 
production rates and sensitinties are different Howeier, chemical 
expenments so far are limited to Hormone A Using a standardised 
measure of anthendial branch formation, Raper (11) obtained tempera- 
ture, pH, and concentration cunes, and discoiered a marked, but irregu- 
lar, diurnal penodicity in the response Addition of 2 10“* M malomc, 
glutanc, or pimelic acid greatly increased the production by the female 
plant Concentration of Hormone A from large-scale cultures by Raper 
and Haagen Smit (12) through many stages led to a 70,000 times enrich- 
ment, but not to a pure preparation It was concluded that the sub- 
stance IS a neutral ketone, and is active m a concentration of 1 m 10“ 
Actmty IS destroyed completely by 2,4-djnjtrophenylhydranne, and 
partially by the reagent of Girard and Sandulesco A number of barbi- 
turates showed activity, but only at relatively high concentrations 
Further chemical work will be awaited with great mterest 

A reaction of another kmd is that of the aggregation of individual 
amebae into a fruiting body, one of the stages in the life cycle of the 
Acrasiales The spores of these organisms germinate into myxamebae 
which grow and multiply for a time, feedmg on bactena, and then sud- 
denly flow together into a sort of mound, termed a pseudoplasmodium 
In DtctyosUltum discoideum the life csycle has been worked out m detail 
by Raper (13,14,15) and Bonner (2), who have considered the aggrega- 
tion stimulus to be chemical in nature This was virtually proved by 
the experiment of Runyon (17), who placed a cellophane membrane over 
an aggregating mass of rQ 3 Tcamebae and found that additional myxamebae 
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above this would follow the aggregation of the pattern below Bonner 
(3) has earned out many similar expenments, particularly with aggrega- 
tion under water, and concludes that aggregi^tton is due to the gradient 
of a substance, “acrasin,” produced by all myxamebae, but unstable 
enough to be constantly breaking down, so that the gradient is main- 
tained No chemical work has yet been earned out The phenomena 
of polanty and dommance observed m the aggregation are in many ways 
suggestive of those due to auxin m higher plants 
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I. latroducbOQ 

The study of insect hormones represents a particularly active sector 
of the Tvide and relatively yo ng field of invertebrate endocrinology (see 
reviews 13, 20,21, 35, 44, 54,07,09,71,85, 83,95,98, 118, 124, 135, 138, 159, 173, 

183) In insects endocrine factors are knovm to play an important role in 
reproduction and m postembrjonic development By comparison the 
hormonal control of color change is of minor significance The question 
as to whether sex hormones comparable to those of vertebrates are opera- 
tive in the insect organism is still coTtroversial Finally, there exist m 
this group of in\ertebrates physiologically active substances which par- 
ticipate m the nonautonoraous development of hereditary characters 
and which, because of their similarity with hormones m the commonly 
accepted sense of the word, have been termed "gene hormones ” 

With regard to the relationship between the endoermes of vertebrates 
and those of insects, only few conclusive data are available These indi- 
cate that, in principle, ^ ertebrafe hormones may act on insects, and insect 
hormones on vertebrates Details on tbis subject may be found m 
several monographs (71,88,173, see also 104b) 

121 
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The actions of insect hormones are being studied by various methods* 
extirpation and implantation of endocnne organs, mjection of organ 
extracts, denervation of endocnne glands, ligatures, blood transfusions, 
parabiosis, etc Most of these methods are used in vertebrate endo- 
cnnology and are applied to insects inth only minor modifications One 
of the nenly developed techniques is of interest Test organs such as 
skin, gonads, etc , mth or uithout endocrme glands, are implanted into 
the abdominal ca\nty of hosts uhose own physiological condition offers 
a "neutral” endocnne surrounding preferable to any tissue culture 
medium (15,170) 

II Endocnne Control of Postembryomc Development 
Among the physiological processes under hormonal control m insects, 
the most extensn ely studied is postembryomc development, which, in 
all groups except the Araetabola, consists of a senes of developmental 
steps leading from the larva or nymph, newly hatched from the egg, to the 
adult insect 

In the holometabolous insects, such as butterflies, periodic steps of 
grow th as evidenced by molts produce larval forms (lostars) of mcreasing 
sizes The lanal penod is terminated by pupation, which marks the 
onset of adult differentiation of tissues and organs, although "mtemal” 
metamorphosis may begin durmg the larval penod (170) Metamor- 
phosis IS completed at the end of the pupal stage when the adult form 
(imago) emerges ‘ 

In hemimetabolous insects, for example grasshoppers, the immature 
forms or nymphs hkewise undergo a number of molts Each molt pro- 
duces a nymph which is not only larger than the preceding instar but is a 
step closer to the adult form In this group of insects with "incomplete 
metamorphosis a pupal period is lackmg, but during the last nymphal 
stage considerable morphological changes occur which at the final molt 
result m the fully developed imago 

Quite generally then, in normal development the larval (nymphal) 
penod of aw insect is predominantly one of growth Little adult differ- 
entiation occurs before the msect has reached the appropriate stage for 
metamorphosis Accordingly larval molts mark a step in growth rather 
than m imagmal differentiation Within certam limits molts may occur 
as long as the orgamsm remains immature, they cease to take place as 
soon as metamorphosis is completed This statement holds true m spite 
of the fact that under certam expenmental conditions it has been possi- 
ble to induce adult skm to molt again (115,120,182,184) 

‘ Hypennetaniorphosis is not dealt with in this chapter since no expenmental 
data are available concerning this phenomenon 



rv nORMONES IN INSECTS 123 

For the understanding of hormonal regulations of development 
it IS useful to point out that there exist two types of molts (I) larval 
(njinphal) molts in which an increase m sire but little or no imagmal 
differentiation occurs, (2) molts coupled with traaginal differentiation, 
for instance the final molt of a hemimetabolous insect which results m 
the imago 

The first demonstration of a hormonal factor controllmg insect 
de\elopment was given in 1922 by Kope£ (89) He removed the cerebral 
ganglion (brain) from freshlj molted last instar larvae of a moth, Lyman- 
tna In such animals pupation does not take place unless the brain, 
which m this case appears to play the role of an endocrine organ, is 
re-impIanted mto the abdomen Operations of this kind yield conclusive 
results only if they arc performed before the ao-called “critical period,” 
t e , a defimte period at which, withm a given developmental stage, the 
hormone concentration in the circulation reaches an effective level 
(p 152) 

In the following two decades evidence accumulated supporting the 
conclusion that hormones are mstruraental not only m pupation but also 
m other phases of insect development Consequently the existence of 
moltmg hormones, pupation hormones, and metamorphosis hormones 
was postulated The data available now have been obtained m repre 
sentatives of vanous groups, te, the hemimetabolous Hemiptera and 
Orthoptera, and the holometabolous Lepidoptera, Hymenoptera, Cole- 
optera, Megaloptera, and Diptcra As may be seen from the following 
examples these v anous orders of insects differ somewhat from one another 
m their developmental physiology 

A Observations in Various Groups of Insects 

In the tropical bug Hbodnius and m other representatives of the 
Hemiptera (Tnatoma, Cimex) the dorsal region of the protocerebrum 
(Fig 8) furnishes a “molting hormone ” If this part of the brain, taken 
from donors durmg the critical period, is implanted mto decapitated 
nymphs, t e , nymphs deprived of their own source of hormone, moltmg 
results (184) The reaction is specific and cannot be induced by implants 
of other parts of the central nervous system or of other organs This 
locahzation offers strong evidence that the hormone which causes moltmg 
originates m the neurosecretory cells of the pars mtercerebrabs Such 
cells which combme nervous and glandular characteristics have been 
demonstrated not only m Rhodmus (70,184) but also m a variety of other 
msects (p 149) 

In addition to this factor \WK*«8Worth (180,181) postulated the 
existence of a juvenile (inhibitory) hormone the source of which he 
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localized on indirect evidence m the corpus allatum (Fig 8a) The 
ju\cnile factor restrains adult differentiation for a time sufficient to 
permit the necessary degree of growth In other words it controls the 
rate of de\ elopment Although this Mew has not been accepted by all 
workers in the field (112 114 IIG 117) it is supported increasingly by 
experimental evidence obtained in vanous groups of insects (c/ Section 
V of the follownng chapter for a similar phenomenon m crustaceans) 

The endocrine role of the corpora allata has been more firmly estab- 
lished in several species of Orthoptera (Fig 6) in which the extirpation 
and implantation of this gland has been possible 
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Fio 1 — (a) Normal adult male of Leucophaea maderae (b) Adultoid male ob 
ta ned from allatectom zed seventh inslar nymph (c) Normal male e ghth malar 
nymph Scale in cent meters (From Sebarrpr 140 courtesy of Charles C Thomas 
Publ sher Spr ngfield Illino s ) 

(1) After allatectomy in early nymphal instars of Dixippus (112) 
Bacillus (53) and Leucophaea (140 Fig lb) adult differentiation sets m 
prematurely Molts are suppressed and development is abbreviated 

(2) Implantation of corpora allata into normal last jnstar nymphs 
retards metamorphosis and is followed by supernumerary molts (110 
116 117 Fig 2b) This effect may be obtained even with grafts from 
adult donors in some insects but not in others 

In the first type of expenment the animals resulting after the final 
molt are smaller m the second type larger than normal adults But 
difference m size is not the only characteristic that distinguishes these 
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expenmental animals from normal adults In the allatectomized ani- 
mals, developing precociously because of lack of juvenile hormone, the 
dev eloping tis«;ues do not ‘leem fully prepared to undergo imaginal differ- 
entiation In Leucophaea they are less ready in jounger nymphal stages 
than in older ones Insects that resemble adults to a greater or less 
degree (adiiltoids) are the result (Fig lb) Correspondingly in animals 
which have been kept overtime m the nymphal condition by allalum 
implants, the organs readj for imaginal differentiation, are subjected to 
the prolonged action of the juvenile hormone These animals likewise 
show a mixture of nj mphal and imaginal characters, they may be called 
njTnphoids (Fig 2b) 

The role of the corpora allata in the control of development is essen 
tiallj the same in the holometabolous Lepidoptera Allatectoray in 
joung larvae causes precocious development (17,18,20,22,58,92,121,123, 
187) Allatum implants from pupae in diapause into hosts ready to 
complete adult development do not mhibit this process (187) 

The endoenne significance of the brain in bringing about pupation m 
this group has already been referred to (p 123) Tbe earlier results of 
Kopei (89) were later confirmed bj several investigators (33,92 119,125) 
The control of adult dev elopment b> a substance originating m the brain 
has recentlj been demonstrated b} Williams (187) m “diapausmg’ (dor- 
mant) moths Platjsamia pupae when chilled (2-5®C ) for four to six 
weeks after pupation and subsequently returned to room temperature 
(25^C ) complete their development after an additional four to six weeks 
By contrast, in pupae left at room temperature diapause lasts at least fiv e 
months Brams from donors readj to metamorphose implanted into 
dormant hosts bring about adult development in the latter Brains, up 
to eight in number, taken from dormant donors do not have the same 
effect on the host, neither do a vanety of other tissues Brainless pupae 
fail to complete their development, unless the extirpation has been per- 
formed after the critical period which is about fourteen days following 
the return to room temperature Implants of “activated” (nondor- 
mant) brains into decerebrated pupae restore the capacity of the host to 
complete metamorphosis 

05 uracil micresl is iiie tfosersaiwn Vire prt/pEjt is tfolmned 

only if the brain implants establish “intimate continuity” with tissues 
of the host (Wilhams, personal communication*, see also 8 21) The 
results after extirpation and implantation of brams agree with those 
obtamed m parabiosis experiments (187) 

Localization experiments showed that a specific region of the brain, 
t e , the mner mass of the cerebral lobes, is responsible for the elaboration 

* I wish to thsak Dr C M WiUiama for permission to use these unpublished data 



126 


BERTA SCRARBER 


of the active principle. This rc^on contains tw o groups of neurosecre- 
tory cells, one medial and one lateral. Implants must contain both 
glandular centers to be effective; parts of brain tissue lacking one or both 
cell groups are incapable of terminating diapause (187b). This localiza- 





Fia 2 — (a) NormalgwthinstarnymphofJI/’rfanoptujdi^erenijahs. (b) Nyinph- 
oid female obtained by implantatioo of corpora allata. (c) Normal adult female 
(From Pfeiffer, 110) 

tion of the physiological effect in the neurosecretory centers of the brain 
of Platysamia agrees tvith the results of Wigglesworth in Rhodnius 
(p. 123). 

The brain, factor has not been demonstrated in the blood. Implants 
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of Ian al brains, after undergoing a sufficient degree of development in 
the host and after being activated by chilhng bring about imagmal 
dev elopment in brainless hosts • 

In addition to the brain the prothoracic glands are necessary for the 
completion of adult differentiation Both sources of physiologically 
activ e substances must be implanted m order to bring about imagmal 
changes in a pupal abdomen isolated by means of a ligature Unlike 
bram grafts, the prothoracie gKnds from a diapausmg donor are as active 
as those from a nondormnnt pupa (187) This and other evidence (58) 
makes it seem quite probable that in the endoerme control of pupation as 
well as of imagmal differentiation the influence of the brain is super- 
imposed over that of the prothoracic glands 

Also m other moths (Bomhyx) the endoerme significance of the pro- 
thoracic glands for the control of pupation and imagmal differentiation, 
and apparently also for moltmg, has been demonstrated (57 58 59, see 
also 8,19,22a} 

Various developmental stages of Platysamia show both qualitative 
and quantitative differences m metabolism The cytochrome content 
of diapausmg pupne is considerably smaller than that of active stages 
(pupae shortly before emergence and larvae) These and additional 
data indicate a causal relationship between endoenne mechanisms and 
biochemical changes m the developing tissues (187b) 

A hormone causmg pupation and imagmal differentiation m certain 
Hymenoptera seems to originate m the bram (14G) 

In the development of Coleoptera the role of the corpus allatum was 
found to be the same as in other groups of insects (131) 

Ligation experiments made on larvae of Slabs, a representative of the 
Megaloptera, demonstrate the existence of a center controlling meta- 
morphosis, located m the region of the third thoracic and first abdominal 
segments (60,61) Corresponding ligatures in pupae are without effect 
on the completion of metamorphosis (101) If m parabiosis experiments 
larvae m the begmnmg phase of metamorphosis are joined with younger 
specimens, the latter metamorphose prematurely and synchronously 
with their partners The source of the hormonal substance mv olved la 
not knowm Extirpation and implantation of ganglia located m the 
critical region have no influence on development 

In the muscoid Diptera developmental hormones are furnished by the 
nng gland (Fig 7), a composite organ contammg corpora allata and 
cardiaca (40,128,143, see also 162a, 164a) This gland controls growth 
and molting, pupation, and adult differentiation 

Bodenstein (16) transplanted larval heads together wath rmg glands 
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from mature larvae into the abdomen of adult Drosophila The result 
was that the transplanted heads imdernent one or two molts Molting 
did not occur when the heads were transplanted without the ring glands 

Puparium formation, which was found to be greatly retarded or sup- 
pressed in lethal larvae of the Drosophila mutant Igl and in certain 
hj brids, can be induced by the implantation of genetically normal ring 
glands (66) This action of the nng gland was confirmed in normal 
larvae of Drosophila (68,165) and of Calliphora (6, see also 43,55) In 
the latter form extirpation of the nng gland prevents pupanum forma 
tion (24) Pupation proper which takes place within the puparium 
likowi'io is controlled by the nng gland (103,167,167a) Implants of 
brains without ring glands have no effect on pupation (170) or puparium 
formation (68,165) 

In Calliphora growth of imagmal discs is arrested after removal of the 
ring gland (24) Similarly the development of organ discs in Droso- 
phila was shown to be under the control of this gland (10,11,14,15,103 
104,167,170 172) During an earlier phase of development the nng 
gland mainlj promotes growth of the discs, later their jmaginal differ- 
entiation This change m response is brought about not only by an 
increased hormone production as the ring gland matures, but also by the 
altered responsiveness of the developing tissue (tissue competence) 
However in jounger discs a certain degree of differentiation also takes 
place (170) 

In addition to the imaginal discs the differentiation of other organs 
of these dipterous larvae, for example the brain (165) and the gonads 
(p 134), takes place under the influence of the rmg gland These 
changes are correlated with the dedifferentiation of larval structures 
such as the midgut epithelium and the fat body (167) 

The hormone (GD hormone, p 130) bringing about pupanum for 
mation and imagmal differentiation in muscoid Diptera originates in the 
larger gland cells (Fig 7b) which are now known to be corpus cardiacum 
tissue (see the discussion of the homologies of the ring gland components 
by Poulson 128) This conclusion is based on histological as well as 
experimental evidence (a) The deficiency of lethal nng glands as com- 
pared with normal ones concerns the laige cells (143), (b) Histological 
signs of secretory activity of the large cells coincide with phases of physio- 
logical activity of the gland (163,167,172, see also 169), (c) Implants of 
rmg gland fragments consisting mainly of large gland cells furnish GD 
hormone to the host (170) 

Further observations of interest are that young ring glands as well 
as older ones furnish the GD hormone, and that this activity apparentiv 
follow s a cyclic pattern An analyas ai this cycle of hormone production 
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suggests that the GD hormone m Drosophila larvae also controls molting 
(170) An as jet unexplained observation concerns the effect of adult 
corpora cardiaca on Drosophila kydei larvae Implants of these glands, 
m contrast to control implants of fat bodj or corpora allata, cau'^e a 
marked delaj in pupanum formation (I72a) 

B Discussion of Results 

It is evident that the information concerning the Jiormon il factors 
involved m various phases of in<tcct development is still fragmentarj 
Some of the data reported above maj appear divergent If it is assumed 
that each step in postembrjomc development is governed bj^ one (or 
«everal) specific hormones, tc, molting pupation, and metamorphosis 
hormones, it becomes difficult to compare the various hormonal factors 
in one group of insects with those in another Obvnouslj m a hemimetab- 
olous form there would be no need for a pupation hormone as in a 
holometabolous insect Furthermore, even vvuthm the holometabolous 
group, comparable hormones such as the pupation hormones of a moth 
and of a flj seem to differ with regard to their source m the body 

Therefore it maj seem too earij or even impossible to establish a 
common dcnomiiutur for the data at band Nev crtheless certain funda* 
mental trends are becoming mcreasingt) apparent whitli justify \ pre- 
liminarj attempt at a more uniform interpretation of the hormonal 
control of inject development Ihiateotativemtcrpretationisbasedon 
concept introduced bj ^\lgglesv^orth (p 123) and can be formulated in 
the follow mg manner 

In holometabolous as well as bcnumctabolous insects each develop- 
mental «!t«p maj be viewed as governed bj abalanced interaction between 
two developmental hormone sj’stems on one side and the growing and 
differentiating tissues on the other 

It has been bneflj stated before (p 128) that the developing tissue 
graduallj changes m its capacity to respond to endocrine stimuli Con 
sequentlj in a given hormonal envaronment the reaction is determined by 
the responsiveness of the tissue For instance in the same hormonal 
envaronment the tj pe of response, growth or imagmal differentiation, i>- 
determined bj the age of the imagmal discs (163) Furthermore, at the 
same stage of development various anlagen, such as salivary gland eje, 
gemtal di«cs even various regions watiun the same anlage maj differ 
in their response (15) 

'Hie two tjTies of liormone collaborating m the control of develop- 
ment are (I) the “growth and differentiation hormone (GD hormone 
or hormones), (II) the juvenile hormone (inhibitory hormone, corpus 
allatum hormone) 
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A hormonal factor of type I (GD hormone) activates the imaguial 
("imaginipetal,” Vogt, 170) potencies to an extent which is regulated by 
the responsiveness of the developmg tissue It promotes growth and 
imaginal differentiation of tissues and oigans In the immature insect, 
growth takes place under the influence of a GD hormone in periodic steps 
as evidenced by the occurrence of successive molts For this reason 
Wigglesvorth (180,181,184) and others called this factor “moUing 
hormone ” When this term is used it should be kept m mind that, in addi- 
tion to brmgmg about molting, this factor also promotes imaginal differ- 
entiation Therefore, the molts it causes are not “simple,” t e , larval 
or nymphal molts, but molts coupled with metamorphosis It follows 
that the “molting hormone” alone cannot account for the occurrence 
of larval molts 

In order to safeguard the proper number of larval molts there exists 
an additional factor which stimulates the jusenile, i e , larval or nymphal 
potencies of the developing tissues Tins juvenile (inhibitorj ) hormone 
modifies the action of the GD hormone, the combined action of both 
factors causes larval molts 

By keeping the developmg insect m the immature stage the jmemle 
hormone favors (or permits) the occurrence of molts This fact should, 
however, not be interpreted as an mdication that the juvenile factor as 
such acts as a molting hormone According to expenmental evidence the 
juvenile factor, when acting alone, is incapable of causing a molt On 
the other hand, molts may occur id the absence of the juvemle hormone 
as m allatectormzed amroals For this reason the use of the term “molt- 
ing hormone” for the juvenile hormone (13) is not recommended Its 
use would also lead to confusion since this term has been previously 
employed by Wigglesworth and others with more justification for a 
different hormone 

One of the reasons why the existence of several types of hormones has 
been postulated where probably only one is necessary was that the GD 
hormone originates in organs as different as the brain of a caterpillar and 
the ring gland of a fruit fly larva The followang discussion is intended 
to. show that tbeae diffeteucfis need not be considered as sigmficant 

The three main sources of developmental hormones known at present 
are (a) the glandular corpora allata, (b) the corpora cardiaca, consisting 
of nervous and glandular elements, (c) the brain, or more precisely the 
pars mtercerebralis of the protocerebrum containing glandhke nerve cells 
(Fig 8b) 

In all insect species suitable for expenmental study the corpus allatum 
has been shown to be the source of the juvenile hormone However, 
equally specific roles hav e not been assigned to the two remaining centers 
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The phj*«iological significance of both the corpus cardiacum and the pars 
intercerebrahs maj be better understood if thej' are not treated as tno 
separate centers of glandular acti\it> Howe\er different thej ma\ 
seem at first sight, there exists an unusual morphological relationship 
between them, as has been demonstrated m the ortboptcran Lcxicophaaa 
maderae The corpora cardiaca consisting of nerx ous and glandular ele- 
ments are innervated bj fiber bundles onginatmg m the pars intercere- 
brahs, a bram center nhich itself is characterized by the occurrence of 
secreting ner%e cells Furthermore, colloid masses are found along the 
ner%es (nmi corpons cardtaci) connecting these two neuroglandular 
centers It w ould be difficult to assume that this striking morphological 
feature is without physiological significance Therefore, on the basis of 
this relationship, which has a counterpart in the hy'pothalamo hypo- 
physcal system of the \ertcbrateH (144, see also 70), it has b“en proposed 
to consider the pars intercerebralis and the corpora cardiaca as com 
ponents of one neuroendoenne complex 

\s to the physiological mechanism of this glandular complex there are 
two possibilities either both the brain and the corpus cardiacum coop- 
erate m the elaboration of GD factors, or in certain animals the one, m 
others the other, component has become the predominant hormone source 
Considenng the %anabihty in the de\clopment of neuroglandular organs 
m injects one may expect to find examples of either alternative among the 
various groups of insects, an expectation which is home out by data di« 
cussed elsewhere (144) 

Aside from the mterccrebrahs-cardiacura allatum system, only the 
prothoracic glands of certain moths ha\e recently been demonstrated as 
the source of a factor concerned with dexelopment (57,58 59,187) How- 
ever, this factor, lack of which presents metamorphosis, appears to be 
subordmated to or otherwise linked with the GD hormone furmshed by 
the brain 

In summary, two types of developmental hormones exist which origi 
nate m two types of glands The one type, : e , the GD hormone (or 
hormones) is produced by the neuroglandular mtercerebrahs-cardiacum 
complex, the other, »e, the juxenile or inhibitory hormone, by the 
gfantfular corpus affatum 

This “two-hormone concept” can be applied to the great majority of 
expenmental data available at present It has been stated (p 123) that 
m bemunetabolous msects the more drastic changes leadmg from the 
immature to the mature msect occur in the last nymphal mstar But 
imagmal differentiation is not entirely rratneted to the last stage It 
takes place also m a small measure durmg earher nymphal life In an 
attempt to explam the hormonal mechanism it may be postulated that 
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both the GD hormone and the juvenile hormone are active in all stages 
except the last In the last stage none or at most only an ineffective 
amount of juvenile factor is released ^ Therefore, under the uninhibited 
stimulus of the GD hormone the final, t e , the major, step of metamor- 
phosis can take place m the last stage (180,181,184). 

Theoretically tw o possibilities emst in explanation of the small changes 
in jounger nymphs (a) In consecutive nymphal stages the hormone 
balance is shifted in favor of the GD hormone by a gradual decrease m 
the relative amount of juvenile hormone released into the circulation 
In this case the responsiveness of the developing tissues may be assumed 
to remain approximately the same in all nymphal stages (b) The ratio 
of both developmental hormones remains unchanged in each nymphal 
stage except m the last, but the growing tissues are mcreasmglj capable 
of response to the stimulus for differentiation 

These alternatives can be subjected to an experimental test by a com 
panson of the effect of allatcctomj on various nymphal stages m the 
same as well as m different insect spiecics In allatectomized nymphs 
one factor governing development, t e , the juvenile hormone, has been 
remov ed Therefore, differences m the events follow mg these operations 
reilect differences m the relative effectiveness of the two remaining 
factors, t e of the GD hormone and of tissue responsiveness Such 
differences arc apparent, for instance, m a comparison of various stages 
of Leucophaea (140), a speues with an average of eight nymphal mstars 
Allatectomized seventh mstars become adultoids at the molt following 
the operation which thus becomes the final molt Allatectomixed sixth 
or fifth mstars at their next molt show only an intermediate degree of 
imagmal differentiation they require one additional (“preaduJtoid' ) 
stage, and consequently undergo one more molt before they too become 
adultoids Since both > ounger and older nymphs have been subjected 
to the influence of the GD hormone alone, without the effect of the 
juvenile hormone the quantitative differences m response must have 
been due to differences inherent In the tissues In Leucophaea and 
related insects the ratio of developmental hormones although it may, 
need not change appreciably except m the last instar 

If in certain other species such as Rhodnius similar changes in tissue 
responsiveness exist throu^out the course of nymphal development, 
they seem less obvious than m Leucophaea In Rhodnius, according to 

lu a recent publication (lS4a) Wigglesworth suggests that the corpus allatum 
of last instar nymphs of Rhodnius not only ceases to secrete the juvenile hormone 
but also actively removes from the blood any traces of the juvenile hormone 
that remain 
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Wigglesworth (180), njmphal tissues prove readj for adult differentia 
tion at a very early stage “Dimmutive adults” re&ult at the molt 
follow mg the operation c\ en when first tnstar nymphs are used There- 
fore, in Rhodnius a gradual decrease m the activity of the juvenile hor- 
mone dunng njmphal life may account for the small changes obseived 
m successive instars 

The conclusion that m the last stage no effective level of juvenile 
hormone is reached under normal conditions can be substantiated m tw o 
ways (a) allatoctomy in last instars, regardless of the species studied, has 
no apparent effect on the course of development (20,108,140 146,175), 
(b) allatum implants m last instars cause supernumerary molts and pro- 
V ent the completion of metamorphosis Hence last mstars also respond 
to the action of the juvenile factor, if it is present (20,110,123,140) 

Evidence obtained m holometabolous insects likewise suggests that 
the two factors (GD hormone and juvenile hormone) collaborate during 
the phase of periodic growth (see also 76a) This larval phase is followed 
by a phase of adult differentiation Pupation and metamorphosis can 
be explained as taking place through the action of one (or several) GD 
factors m the absence of an effective amount of juvenile hormone 

This conclusion is demonstrated b> the fact that allatectomy and 
implantation of corpora allata have comparable effects m holometabolous 
and hemimctabolous insects In Lepidoptera, for example, the period of 
growth or larval period is prematurely ended when young larvae arc 
allatectomiscd, and supemumerarj molts result when normal last mstar 
Ian ae receive allatum implants (see above) 

The “two-hormone concept” as elaborated in the preceding analjois 
maj or may not applj to insects other than those discussed so far In 
the highlj specialized muscoid Dipfcra, where corpus allatum and corpus 
tiirdiaciim are contained in one organ, the ring gland, these souices of 
developmental hormones cannot be analyzed sseparateh as rcadilj as in 
other groups The ring gland brings about molting as well as pupation 
and imagmal differentiation There is good evadence that the GD hor 
mone controlling these processes originates in the large (cardiacum) colls 
of the ring gland (p 128), and that it is produced throughout the entire 
larval life m varying quantity (14,170) Tbe precise function of the 
allatum cells in the dev elopment of these insects is still unknown How 
ever, there is no indication that the allatum component of the ring gland 
of fly larvae and pupae acts differentlj from the corpus allatum of other 
insects The assumption that it too furnishes a juvenile hormone is 
based on certain histological as well as experimental evidence (25,169 
170,172a) 
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III. Role of Hormones m Reproduction 
In the adult insect a hormone or hormones onginatmg m the corpora 
allata plaj an important role in reproduction The existing relationships 
express themselves m tu o xi ays (1) m effects of the corpora allata on the 
gonads and on the accessory sex glands, (2) in an influence of the gonads 
on the corpora allata Whereas these relationships are nell established, 
the action of sex hormones has not been demonstrated satisfactorily 

A Effect op Corpora Allata os Gosads 
Ovanes It has been shown in a variety of insect species that the 
normal function of the ovanes is under the control of a corpus allatum 
hormone W igglesn orth (181) demonstrated in the hemipteran Rhodmus 
■prolixus that the eggs fail to mature in the absence of the corpus allatum 
(see also 101a) According to Pfeiffer (108,111,174) in allatectomized 
females of the orthopteran Melanoplus dtfferenhahs egg development 
stops at the beginning of the period of yolk deposition In another 
orthopteran, Leucophaea moderae, the presence of the corpora allata was 
shown to be necessary throughout the period of grow th and yolk deposi- 
tion, which m this species constitutes about the first third of the total 
period required for the development of the eggs (141) Re implantation 
of corpora allata into aUatectomised females of these orthopterans 
restores their capacity to produce mature eggs 

A similar hormonal relationship is known to exist m the Hiptera 
Drosophila (160,161,162,171, See also 16a), Calliphora, Musca (155,156, 
Fig 3), Lucilia, Sarcophaga (41), and Anopheles (47a) By means of 
transplantations m Drosophila larvae it was found, for example, that 
ovanes of D melanogasler in D funebns hosts develop mature eggs only 
if melanogaster ring glands are grafted ti^ether with the ovaries The 
hormone furnished by the melanogaster nng gland seems to be qualita 
tively different from that of the funebns ring gland On the other hand 
grafted ovanes of Calliphora develop in Lucilia and vice versa (156) 
under the influence of the nng gland of the host In Luciha and Sarco 
phaga, denervation of the corpus allatum has the same effect on egg 
development as extirpation (41) In the groups of insects discussed so 
far, corpus allatum from male as well as female donors may furnish th( 
hormone necessary for the maturation of the eggs (109,166,160,181) 

The aquatic beetle Dytiscus (84) has an annual cycle of ovarian 
activity, with the laying penod normally starting in March or April 
Females can be induced to lay eggs during the winter (resting period) by 
implantation of five or more pairs of corpora allata The similarity of 
this effect to that of hypophyseal implants in winter frogs (188) is of 
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interest At all times of the jear allatectomj in Djti'scus prevents egg 
development and, as m other species studied (41,108,141,181), causes 
pronounced regression of the ovancs Apparently the corpus allatum 
hormone makes egg development possible bj suppressing the resorption 
of the oocytes The aclivitv of the corpora allata seems to follow a 
cyclic pattern, hormone being released about every twelve dajs 

The situation is somew hat different m DL\ippiis(Orthoptera 112 116), 
where egg maturation proceeds in allatcctomized females unless the 
extirpation of the ghncl-. is performed dunng an early njmphal stage 



Fia 3 — Reproductive organs of female Calliphora erylhroctphah (a) ^.ewly 
emerged fly (b) Mature female (e) AHalectomiied female a g accessory sex 
gland,? a , lecepVacula aeminis (From Thomsen 156) 


The presence of the corpora allata is unnecessarj for egg production m 
certain Lefusloptera (18 20,ZlaA87,> 

In some orthopterans a possible role of the fat body in egg maturation 
has been postulated A similar effect has been attributed to extracts of 
the posterior lobe of the vertebrate pituitary (79) but this finding has 
not been confirmed (85) * 

> Royal jelly, the special food substance winch is supposed to control sexual 
maturation in the honey bee contains a gonadotropic material Testa made with 
this material in rats and flies (77 158) were reported to be positive The failure of 
other investigators (100) to confirm these observations may be due to differences in 
methods 
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TesUs No relationship between corpus allatum and adult testis has 
been demonstrated so far Removal of the corpus allatum m males of 
various species shortly after emergence (41,111,156,181) does not disturb 
the course of spermatogenesis When mated \nth virgin females, allatec- 
tomized males of the orthopterans Bacillus and Leucophaea are capable 
of fertilizing the eggs (53,141) 

The absence of a noticeable influence of the corpus allatum on the 
testis m the adult uas likenise observed m Drosophila by Vogt (170) 
Her observation that ring gland implants increase the groivth rate and 
accelerate spermatogenesis in larval and pupal testes is probably attrib- 
utable to the action of the GD hormone As has been pointed out 
(p 128) this hormone originates in the large gland cells (cardiacum com- 
ponent) of the ring gland, and implants of this part only have the same 
effect on the testis as do whole nng glands A similar but Ic's pro- 
nounced relationship exists with respect to the pre-imaginal ovary (see 
also 64) 

B Effect of Corpora Allata ov Accessory Sex Glands 
Regarding the action of the corpora allata on the accessory sex glands 
the data m the literature are divergent 

Females In females of Melanoplus, for instance, the secretory 
activity of the epithelial lining of the oviduct, which corresponds to the 
accessory sex glands of other insects, depends on the presence of 
the corpora allata (108) The same situation exists with respect to the 
female accessory sex glands in Calliphora (150) Implantation of corpora 
allata into allatectomired females of Leucophaea restores the capacitv 
of the accessory sex glands to produce normal amounts of secretorv 
material (141 Fig 4) In contrast to the situation in these three insect 
species, allatectomy has no effect on the female accessory sex glands of 
Lucilia and Sarcophaga (41) 

Males The male accessory sex glands of Lucilia, Sarcophaga (41) 
and Leucophaea (141) are not affected by allatectomy In Rhodnius 
(181), however, and to some extent m Calliphora (156) the male accessorj 
glands appear to be under the hormonal control of the corpus allatum 

C Effect of Repboductivd Organs on Cokpobv All-vta 
The relationship m the opposite direction, i c the effect of the gonad^ 
on the corpora allata has been studied by means of castration In certain 
insects (Melanoplus, 109, Calliphora, 155, 156, Lucilia 41, see aKo 16G) 
ovariectomy is followed by hypertrophy of the corpus allatum Females 
of Sarcophaga (41) and Leucophaea (141), as well as males of Sarcophaga, 
Lucilia (41) and Leucophaea (141) show no effect on the corpus allatum 
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attributable to the removal of the gonads or of the accessory sex glands 
According to Day (41) there is some evidence that, even m those castrates 
in which the histological appearance of the corpora allata shows no 
sigmficant change these glands have become “physiologically altered " 
Hon ever, no such change in physiological properties could be observed 
in Dj tiscus (84) Corpora allata from donors n Inch had been ovan- 



Fiq 4 — Accessory seRglaadaot tmopAata ^nadtra* (a) Normal control 
m state of active secretion (b) Glands of female allatectomued shortly after emer 
gence kilted six weeks later The glands resemble those of freshly emerged normal 
female (c) Actively secreting glands after ro-implantation of corpora allata into 
allatectomired female (Fron Sclarrer 141) 

ectomized for several months have the same effect on the ovaiies of the 
host as do implants from unopcratcd donors 

D t-PFECT OF Gonvds on Secondakv btx Ckakaciehs 

raatmg behavior in a manner similar to that known in v ertebratts has 
not been defimtely proved or disproved vvith ipgard to insects Tlip 
evidence is at present more against than ra favor of the occunence of se\ 
hormones m this group of invertebrates 

The results of experimental castration and of transplantation of 
gonads obtained by a number of investigators m a variety of species are 
on the whole negative (see revoews 54,71,88 138) Grafts of gonads of 
the opposite sex into castrated caterpillars do not alter the secondary sex 
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characters of the adult moths Surgical castration m larval stages, vnth 
one possible exception (129, see also 49,104a), has no influence on the 
development of the external secondary sex characters or on the sexual 
behavior of the adult 

However, the analysis of cases of “parasitic castration,” ie, of 
insects whose gonads are partially or totallj destroyed by parasites, i-, in 
disagreement with the experimentally obtained results The first cas< 
of parasitic castration in an insect was described by P^rez (105) In the 
bee, Andrena, castration by the parasite Stylops, and consequently 
referred to as “stylopization,” was found to be accompanied by changes 
m the secondary sex characters A pronounced sexual dimorphism 
exists with respect to the legs in that only the female possesses a pollen- 
collecting apparatus (pollen basket) In the infected female this modi 
fication becomes reduced to such an extent that the hmd legs can hardly 
be distinguished from those of the male Similarly the color of the 
clypeus (which is a structural part of the head) changes from black, the 
normal color of the female, to the characteristic yellow of the male 
Corresponding changes due to stylopization take place in the male In 
other insects, for instance in Chironomus (134), similar effects of parasitic 
castration hax e been described 

E IsTcnpREiAiioN OF Expliumental Daia 

The general result of the allatcctomy and gonadectomy expeiimeiit*i 
reviewed m the preceding paragraphs is that a lelationship exists between 
corpora allata and reproductive organs m the majority of insect species 
studied so far This relationship concerns primarily the female, there is 
only little evidence that the male sexual function depends on the endo- 
crine activity of the corpora allata 

There is no doubt that the action of the coipoia allata on the I^pro- 
ductive organs is endocrine m charactei While this general statement 
holds true, sex eral problems concerning the number of existing allatum 
hormones and the nature of their action are yet to be solved Thus the 
question is still undecided whether the corpus allatum hormone con- 
trolling the secretory activity of the accessory sex glands is the same as 
the hormone controlling egg development The fact that nymphoids 
(p 125) of Melanoplus show oviducal secretion but no yolk production 
(110) does not necessarily suggest that two different hormones are 
involved 

In ovariectomized females of Bombyx (68a), Melanoplus (108), 
Calliphora (156) Sarcophaga (41), and Leucophaea (141) the activity of 
the accessory sex glands is maintamed The influence of the corpora 
allata on these glands must, therefore, be direct and not by way of the 
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gonads, a fact -which does not decide the question of the number of 
allatum hormones in\ olved 

Another problem concema the possible identity of the gonad-stimu- 
latmg hormone with the juvenile hormone Pfeiffer (110) discusses the 
possibility that both actions can be attributed to the same hormone In 
support of this viewpoint are the finding that m transplantation expen- 
menta a hormone acting on the adult ovary is furnished by nng glands of 
first mstar Drosophila larvae (171), and that adult corpora allata of 
orthopteraos may proiide juvenile hormone to nymphs (110,117,140, see 
also 184a) Finally, a factor controlling the secretory activity of the 
o-viducts was found to be present in nymphs of Melanoplus long before 
their own oviducts begin to secrete (109), an observation which suggests a 
possible identity of this factor and the juvenile hormone 

As concerns the nature of the hormonal action of the corpora allata on 
the o\anes, two altematnes may be discussed 

(a) The corpus allatum produces a “gonadotropic hormone" which, 
similar to that in vertebrates, acts specifically on the ovarj 

(b) The mfiuence of the corpus allatum on the developing ova is 
merely one o! the manifestations of a more general function attributable 
to the corpus allatum hormone 

The more specific term “gonadotropic hormone” has been used by 
various authors (85,150,161) At the same tune others (41,115) have 
expressed the opmion that the \anous known actions of the corpora 
allata may be explained by the postulation of a hormone the function of 
which is the control of certam basic metabolic processes This interpre- 
tation IS strongly supported by the fact that Pfeiffer (111) recently fur- 
mshed expenmental proof of the existence of a “metabolic hormone" m 
Melanoplus This hormone, ongmatmg m the corpora allata, controls 
changes in metabolism which are associated with egg development 
Eiadence for the existence of such a hormonal activity was gamed in the 
following way m a senes of adult females of varying age, both normal 
and operated (castration, allatectomy, allatectomy plus castration), the 
total content of fatty acid, nonfatty dry matter, and water was quanti 
tatively determined 

In normal females of Melanoplus, according to Pfeiffer, the early penod 
of adult hfe, t e , several days following emergence, is characterized by a 
marked mcrease m the content of both fatty acid and nonfatty dry 
matter After this period, the end of which marks the beginmng of yolk 
production and of the secretory activity of the o-viducts, the metabolic 
conditions change In normal females no more mcrease m fatty acid 
occurs The existing fat stores become reduced until a certam le-vel is 
reached At the same time the content of nonfatty dry matter and 
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water continues to rise considerably Removal of the ovaries does not 
alter these conditions 

In contrast, m allatectomized females vvith ovaries left intact or 
lemoved, the rise in fatty acid content continues at a rate comparable to 
that observed dunng the early period (see also 41) Nonfatty dry 
material does not increase in the manner observed in females with their 
corpora allata intact 

These results lead to the conclusion that under the influence of the 
metabolic hormone of the corpus allatum certain materials necessary for 
egg dev elopment are produced or mobilized, irrespective of the presence 
or absence of the ovaries 

Most of the known data concerning the effect of allatectomy on the 
coui'se of egg development could be explained on the basis of the meta- 
bolic changes brought about by the corpora allata In allatectomized 
Melanoplus the ova stop their development at about the time yolkdeposi 
tion begins (108, 111) The effect of allatectomy manifests itself at a 
similar penod in Rhodnms (181), m Drosophila (161), and m Calliphora 
(150) Furthermore, egg development m Leucophaea (141) depends on 
the corpora allata up to the time of ovulation, t e , throughout the period 
of growth and yolk deposition 

An indication, however, that allatectomy prevents egg development 
m some way other than by mhibiting yolk formation has recently been 
furnished by Joly (84) Allatectomized females of Dytiscus, when dis- 
sected after a suitable period of time, show complete atrophy of their 
ovaries “II a'agit done, sinon d'une veritable castration, du moms dun 
retour h I’^tat infantile en quelque sorte pr^pub^ral” (Joly, 84, p 131) 
This result may be interpreted as evidenco that, perhaps at least m cer 
tarn species, the corpora allata furnish a specific gonadotropic hormone 
m addition to the metabolic hormone More definite information is 
necessary, howev er, to establish this point 

No conclusion can be drawn at present with regard to the influence 
that the female gonad exerts on the corpora allata m certam cases 
Whether this effect is due to the existence of a sex hormone produced by 
the ovaries or is brought about m some other w ay remams undetermmed 

It has been stated previously that the question of the occurrence of 
sex hormones in insects in general is still undecided Convincing as the 
effects of stylopization on the secondary sex characters may seem at first 
sight, there is no agreement among mvestigators as to the interpretation 
of these data The estrogemc action in vertebrates of materials extracted 
from insects (82 96 97,149,150) and even from certain kinds of honey (48) 
offers no proof that m the insect organism these substances have a com 
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parable function No effect of vertebrate estrogen (folbculin) on insects 
has been observed (38,83) 

It IS quite possible that bj an approach different from those used in 
the past the actmty of sex hormones in insects maj be established This 
expectation seems justified in view of certam otherwise unexplained 
phenomena, such as the correlation between flinng mstinct and maturity 
of the gonads m certain beetles (189) 

IV. Hormones and Color Change 

Among in\crtebrates, crustaceans and insects show pigmentary 
reactions which are under hormonal control m a manner comparable to 
that found in certam vertebrates In contrast to the situation m crus- 
taceans (see Section III of the follomng chapter), color change m insects 
plays a mmor role and is restricted to a few groups Like other animals, 
insects may exhibit two tjpes of color reactions (a) morphological color 
change, a slow process consisting m the formation or destruction of pig- 
ments, and (b) phjsiological color change, brought about by pigment 
migration (expansion and contraction) and thus causing quick changes 
in appearance 

For mstance, in the walking stick, Dtxtppus morosus, changes in the 
color of the background are accompamed by changes m body coloration 
(1,63,80,130) If Dixippus is kept on a dark background, its skin 
becomes dark due to pigment expansion This prompt reaction is 
follow ed by the slow formation of additional pigment Darkening of the 
body likewise occurs, irrespective of the color of the background, when 
the lower halves of the eyes are coated Under normal conditions the 
coloration of Dixippus shows a diurnal rhythm (176) 

Th 1 existence of an endocrine rather than a nervous control of this 
mechanism of color adaptation m insects is demonstrated by thefollowing 
observations (a) the cells responsible for the color change are not inner- 
vated, (b) in skin grafts the coloration changes synchronously with that 
of the host (81), (c) if m one part of the body the circulationis temporarily 
mterfered with by means of a ligature, the isolated part assumes a pale 
appearance for as long as the blood supply remams inadequate Absence 
of hormone in the circulation leads to pigment contraction and the cessa 
tion of pigment formation 

The exact locahzation of the hormonal source has so far not been 
determmed The fact that the whole animal becomes pale following the 
removal of the head (SO) indicates that the center of hormone formation 
must be m the head region Corpora allata and corpora cardiaca may be 
involved, in spite of the fact that extirpation of neither of these glands 
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alters pigmentary reactions (1,114) A morphological color reaction 
resulting in distinct color patterns is observed after denervation of the 
corpora allata in Djxippus Re-implantation of these glands into alla- 
tectomized specimens leads to blackening of the hypodcrmis in the 
neighborhood of the implant (70,72,114,116) 

Aside from Dixippus, few cases of insect color change due to hormonal 
action ha\e been studied (see re\icws 71,85,88,138, see also 76b) 

Extracts of corpora cardiaca of several insect species ha\e a strong 
chromatophorotropic effect in crustaceans (23,157, see also 72,86) 
Similar but less pronounced effects have been attributed to extracts of 
cerebral and frontal ganglia of insects, which, honever, have been tested 
only in crustaceans (23) 

V. “Gene Hormones” 

In insects certain hereditary characters are known to depend foi tlieir 
development on the action of diffusible substances These substances 
represent the “intermediate links between the genes controlling their 
production and the final character” (Ephrussi, 51, p 327) Because 
of certain hormone*Iike charactenstics the gene controlled substances 
have been called “gene hormones” (2,3,50,51,52,01,120) For a dis- 
cussion concerning the advisability of continuing the use of the term 
“hormone” for the substances dealt with m this chapter, see I plmissi 
(52) and Becker (5) 

Some of the methods by which the existence of these diffusible sub- 
stances IS ascertained are those used in endocnnological research The 
active principle may be introduced by mouth, by blood transfusion, bj 
injection of extracts, or by addition to organ aalagen tn vitro Another 
widely used method consists m the exchange of grafts between animals 
that contain, and others that lack, a certam gene 

With these methods it has been demonstrated that certain organs of 
donors, possessing a given gene, release a diffusible substance which in 
hosts lacking this particular gene may cause the deielopment of a char- 
acter determined by this gene Thus, for instance, the development of 
the genetically determined eye pigment of certain insects may be modified 
’oy t'ne imp’iaiAirtion organs^^rum a Aifieren'c gem/cype 

The first expeiimental demonstration of this important mechanism 
was given m 1933 by Caspan (28) in tbe mealmoth, Ej>he&ha kuhniella 
In this species the wild race (a+a^) has a dark brown eye pigment m the 
development of which a gene hormone, the (a"*") substance, plajs i 
decisive role A mutant strain (aa), lacking (a+) substance, develop- 
red eyes If howevei, certain organs such as the testis from wild tvp< 
larvae are grafted into the mutant larvae, the lattei also develop iioiinal 
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dark ejes instead of the expected red ones This experiment indicates 
that the nonautonomous development of eye pigment m the host must 
be caused by the release of (a+) substance from the grafts into the circula- 
tion of the host It further indicates that the host, although deficient 
in its genetic constitution with respect to one gene (a) and consequently 
lacking (a'^) substance, retains its capacity to respond to the (a'*') sub- 
stance if furmshed by a graft from a nondeficient donor 

Organs of wild type donors which m addition to the gonads may fur- 
nish (a+) substance to deficient (a) hosts are the eyes, the brain and ven- 
tral cord, the fat body, and the hypodermis (47,132) 

In the experiments reported so far the effects observed are exerted by 
the implant on the host The grafting procedure may be reversed 
WTien wild type hosts recen e grafts of deficient organs, the host exerts 
an influence on the development of the implant For mstance, (a) testis 
grafts in an (a'*’) host assume the phenotjpe of the wild race, an observa- 
tion Axhich leads to the conclusion that (a"*") substance must be present m 
the circulation of the host In a similar fashion it can be shown that, in 
addition to the color of the adult eye, testis, and brain, that of the larx al 
skin, ocelli, and subesophageal ganglion also develops under the influence 
of the (a*^) substance (31) 

Another extensively studied species is Drosophila melanogasler, in 
x\hich two eye color hormones were shown to exist by Ephrussi and 
Beadle (51) (1) the (\'^) substance (for the character "xermilion”, inter- 
changeable with the (a'*') substance of Ephestia, 127), and (2) the closely 
related (cn'*’) substance (for the character “cinnabar”) Both of these 
substances are released by the e>es and the malpighian tubes of Droso- 
phila, whereas the fat body contains only (x*) substance 

Likewise in Drosophila another gene which controls the size of the eye 
has been demonstrated to act through the intermediary of a diffusible 
substance In larvae of the mutant Bar in which the eye size of the 
imago 13 reduced, administration of extracts of wnid type Drosophila 
larvae (or Calliphora pupae) causes a considerable increase in the number 
of facets The gene controlled substance (B'*') which thus causes the 
development of a phenotype resemblmg the wild type is not identical 
with (v+) substance (33b, 33c) 

As m Ephestia and Drosophila, so in other types of insects certam 
characters undergo somatic changes by means of diffusible substances 
Examples are Habrobracon, a parasitic wasp (179), and Bombyx (87) 
Extracts acting sirmlarly on the eye color development of Ephestia and 
Drosophila as do the (a-*-), (v^), and (cn+) substances, can be prepared 
from a variety of msect species (51,94) However, the substances fur- 
nished by these insects do not necessarily have the same effect in the donor 
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as they do in the host. In Plychopoda senala, for instance, a mutant 
(dec) exists w hose ej e color is light yellow instead of the blackish brown 
of the wild type Cdec+). Implantation of (dec+) gonads into (dec) larvae 
has no influence on ej^e pigmentation; yet both (dec+) and (dec) grafts 
furnish (a+) substance when tested in (a) Ephestia (148). Evidently the 
donor itself cannot utilize the (a+) substance This result in Ptychopoda 
suggests that gene-controlled leactions other than those resulting in 
(n'*’, ' cn"*") substance ma 3 ’ be involved in the process of eye pigment 

formation Actiialh , in Drosophila the intenention of two genes, (cd‘^, 



Fia 5 — Scheme of development of eye pigments u Drosophila Vertical arrows 
indicate steps in the reaction chain, honsontal arrows indicate the places where normal 
(wild type) genes are necessary for the next step of the reaction (F rom Beadle, 2 ) 


"cardinal”) and ({sf", "scarlet”), in addition to (v"*") gene and (cn"*") gene, 
is necessarj' for the formation of the brown pigment (Fig 5)- 

In recent jears a senes of mtestigations reported m rapid succesaon 
led to the determmination of the chemical nature of the ej’e color hor- 
mones (see 51,52) First an analj’sis of the chemical properties of puri- 
fied extracts suggested that the eye color hormones resemble ammo acids 
Feeding experiments then established trjptophan as a most likely 
precursor of ('■*■) substance. Tatum and Beadle (153) succeeded m 
crystallizing a material ha\ong the physiological effects of (v^) substance, 
which they had obtained from bacterial symthesis (151) The (v+, a"*") 
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substance could finally be identified as kjTiurenine, a denvative of 
tryptophan, by these means (1) Butenandt, Weidel, and Becker (26) 
showed that L-kjoiurenine has the same physiological and chemical prop- 
erties as (a+j v+) substance, while n kynurenme as well as kynurenic acid 
cannot replace either the (v+) or the (cn+) substances, (2) the active 
principle sjTithesized from n-tryptophan by certam bacteria was identi 
fied as a sucrose ester of lykjnurcninc, the L-kynurenme being the active 
portion of the molecule (154), (3) kynurenme was demonstrated to occur 
in Drosophila pupae and Bombyx eggs (87) 

In the insect organism kynurenme is apparently formed by way of 
2-hjdroxytryptophan (of-oxy tryptophan, prokynurenme) from trjpto- 
pban This chain of reactions appears to take place by means of an 
enzynuc system which is activated by the (v+, a+) gene (27,87) Simi- 
larly the next step, from kimurenme to (cn+) substance, depends on the 
action of the (cn"*") gene 7n vilro experiments show that the pigmentation 
of explanted Drosophila eyes m a medium contnmmg k 3 Tiurenine may be 
inhibited by the addition of KCN (37) In the mutant strains the 
enzymic oxidation of trjptophan may be inhibited, an assumption 
which is supported by the fmdmg that (aa) Ephestia contains signif- 
icantlj more tryptophan than (a+a'*) Ephestia (30, 32a, 32b) An 
alternative would be that in (aa) Ephestia less tryptophan is available 
due to the synthesis of qualitatively different proteins in this strain (32) 

The most recently discussed questions concern the nature of the 
(cn+) substance, and the mechanism by which gene-controlled substances 
influence the development of eye pigments There is good evidence to 
support the assumption that the eye color hormones are chemical pre 
cursors of certam eye pigment’? (32b) A quantitative study m Ephestia 
(90) showed that the amount of eye pigment formed is directly propor- 
tional to the amount of kynurenme administered The hypothesis that 
the (cn+) substance which is derived from kynurenme represents the 
chromogen of the brown eye pigment of Drosophila (an "ommochrome’', 
5) is based on the finding (87) that Drosophila strains containing (cn+) 
substance yield a positive Ehrlich diazo reaction The conclusion that it 
IS the (cn+) substance itself which brmgs about the positive reaction is 
suggestive, although it has not been delitutely proved 

Accordingly, the development of one of the two independent eye pig 
ments of Drosophila, the brown pigment, may be visuahzed to take place 
as indicated in Fig 5 

The mechanism by which the red eye pigment of Drosophila develops 
IS as yet little understood, it is known, however, that its development 
does not depend upon the presence of diffusible tryptophan derivatives 
There exists a common step in the development of the brown and red 
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pigments, but the reaction chains leadmg to the formation of these pig- 
ments are different 


VI Sources of Insect Hormones 

The organs in the insect body nbich are either knouTi or assumed to 
be sources of hormones are summarized in Table I Among these the 
corpus alfatum is perhaps the most versatile gland of internal secretion 
in this group of invertebrates Its action in developmental and repro- 
ductive processes as well as color adaptation has been discussed (see 
Sections I, II, III) Aside from these functions a certam mfluence of the 
corpora allata on tissue growth and maintenance has been demonstrated 
(a) allatum implants in adult Dixippus restore the capacity to regenerate 
lost extremities (115), (b) degenerative processes or uncontrolled tumor 
hke growth may take place m Dixippus nymphs after allatectom> in 
certain parts of the body (musculature, roalpighian vessels, fat bodj, nerv- 
ous system, 114),* (c) after removal or denervation of corpora allata in 
newly emerged adult flies the imagmal fat body and the oenocytes show 
signs of regression while the larval fat body fails to disappear completely 
(41) Furthermore, there exists m Melanoplus a possible correlation 
^tween corpus allatum hormone and blood color (110) It is possible 
that all these actions are correlated with the regulative effect which the 
corpora allata appear to have on metabolic processes 

Implantation of corpora allata mto normal last msiar nymphs causes 
regression of the corpora allata of the host (116) 

The number of existing allatum hormones is not known (p 139) 
Certam mvestigators maintam that one hormone may account for all the 
vanous effects attnbuted to the corpus allatum 

The corpus allatum (Fig 6) is a glandular organ whose morphological 
relationships have been studied extensively (33a,46,73,75,75a, 102, 103a) 

It IS situated m the head or anterior thorax and is paired m most insects 
but unpaired m some, such as Rhodnius (Fig 8) Histological signs of 
secretory activity (cytoplasnuc inclusions, acidophilia, vacuoles, lobated 
nuclei) are more pronounced m some insect species than m others (42,62, 
112il 47^169) The increase m size of the corpus allatum dunng the adult 
stage (47a 78 156) and the sometimes pronounced sexual dimorphism 
(75,113 147) seem to be manifestations of differences m ph3^iological 
activity 

* It may be remarked that la this case tomor like growths appear actually to ^ 
caused by an endocnne disturbance, inasmuch as their occurrence can be prevented 
by corpus allatum implants TumotB in vanous organs were also observed in a 
different species {Ltwophata maderae) after allatectomy, but their ongm has defimtely 
been traced to the incidental cuttmg of the recurrent nerve (139) 
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Like the corpus allatum the neun^landular corpus cardiacum (Fig 6) 
was first considered as an endocrine organ on the basis of its histological 
appearance (33a, 45 40,74,113) The amount of secretory material which 
it contains ma> be considerable However, the precise role of the corpus 
cardiacum in the endocrine system of insects is still less understood than 
that of the corpus allatum 

Tlie pronounced chromatophorotropic effect in crustaceans of 
cardiacum extracts from insects (23,157) demonstrates the presence of a 
phjsiologicallj active substance m this gland (see Section III, C, 5 of the 
followang chapter) However, this experiment does not elucidate the 
role of the corpus cardiacum in the insect organism 

Total or partial extirpation of the corpora cardiaca simultaneouslj 
w ith that of the corpora allata does not alter to any noticeable degree the 
effects observed after allatectomy alone (41,112,142 156) Cardiacec 
tomy m Dytiscus (84) causes atrophj of the corpora allata and, therefore, 
the ensuing changes in the ovaries which are compirable to those after 
allatectomy maj well be considered as indirect effects In Melanoplus 
molting is delayed but not entirely prevented bj cardiacectomy (108), a 
result which cannot be fully explained at present 

The most conclusive results concerning the physiological significance 
of the corpus cardiacum were obtained in muscoid Diptera, in the imma- 
ture stages of which the corpus cardiacum is represented by the large cells 
(Fig 7) of the ring gland (40,128) The large cells w-hen tested sepa- 
rately from the rest of the nog gland components (170) produce one or 
several hormonal factors controlling moiling and imagmal differentiation 
(GD hormone) and ovannl development (gonadotropic hormone ?) 
Adult corpora cardiaca when implanted into Drosophila hydei larvae of a 
certain age (2 dajs, 21 hours) cause a delay in puparium formation and a 
change in the coloration of the puponum (172a) 

The corpus cardiacum of certain msects exhibits a peculiar intimate 
relationship vnth the brain (p 131) which may explain the inconsist- 
ency of some of the results obtained by investigators using different 
species 

With regard to the endocrine activity of the brim there are mdica 
tions that the active pnncipfe reaches t&e effector organs by tissue con- 
tinuity rather than bj way of the cuculation (p 125) 

The most likely source of the hormonal substances produced by the 
central nervous system are the neurosecretory cells (Fig 8,p 123) which 
have been demonstrated in a variety of insect species (39,70,106,136,137, 
144,145,165,177,184) 

Considerably le'^s information” is available on the endocrine signif- 
icance of the rest of the insect organs listed in Table I The prothoracic 
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Fio 6 — Ltucophata maderae (a) Topography of corpora eardiaca and allata 
(b) Section through left corpus eardiacum at level indicated in (a) CoUoid shown in 
black (o) Section through corpus allalum at level indicated in (a) 



Fig 7 — Draophila melanogatler (a) Topography of larval nng gland (Re- 
drawn from Hsdom 66 ) (b) Section through nng gland m plane udicated in (a) 

(Redrawn from Scharrer and Hsdom 143 ) 



Fio 8 Rhodmi s prol x^ s (a) Brain of fifth stage nymph Region 
active pnnciple stippled (b) Section through active portion at level mdicated m 
(a) (Redrawn from Wlggleaworth 184) 
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glands (94a, 187a) maj or maj not be acti\e m insects other than the 
moths discussed above (p 127) 

The assumption that the so-called \cntral and pericardial glands of 
Dixippus are of endocrine nature is based on indirect exndence only 
(114,116) Impressue changes in the histological appearance of these 
glands are ob«er\ ed after the implantation of j oung corpora allata into 
last instar nymphs The pericardial and ventral glands of the hosts 
not only fail to regress at the expected time, but become considerably 
enlarged Their nuclei mcrease in number and sise, and become lobated , 
the cytoplasm shon a secretorj inclusions Correspondinglj , allatectomy 
in nymphs causes premature degeneration of both \ entral and pericardial 
glands The interpretation of these observations as signs of an mti 
mately related sj’stem of endocrine organs eeems justified 

Aside from fumishmg “gene hormones” the fat body is said to be the 
source of a hormone nhich brings about maturation of the ovary (79, see 
also 107) An additional hormone, ongmating m the area of the ‘‘corpora 
lutea” of the msect ovary has been claimed to keep the ovanes in an 
immature state for as long a time as the female carries an ootheca (79) 
The question as to whether the insect gonads produce sex hormones 
IS still undecided (see Section III, D) Like several other organs listed 
in Table I, they are a source of “gene hormones ” 

In addition to the organs discussed the perineurium may be mentioned 
as a possible endocrine organ (150a), a view which is supported by certain 
findings in crustaceans 

Vn Mode of Action amt Physicochemical Properties of Insect 
Hormones 

Insect hormones are not specific with respect to the genus or even to 
the order (0,14,16,61,68,94,120 157,181,187) This statement does not 
apply to the ring gland hormone of Drosophila which controls the matura- 
tion of the ovary (161,164,106, see also 133) The “relative" species 
specificity of this hormone is comparable to that described for 
gonadotropic factors in v ertebrates (36) 

Insect hormones act in very small quantities, their effect depends in 
some measure on ffierr caaceniesitGa L^iritacaoKie ccnsceatrstraas ms}' 
yield partial effects, such as incomplete pupation and metamorphosis 
(6,8,21b,22b,51,52 61,68,92,93,119,123,181) The effect of a given hor 
mone dose depends on the responsiveness of the reacting tissue (7,12,14, 
15,16,68,122,125,168) Once the proper stimulation by a hormone has 
taken place, as m the case of adult differentiation, the reaction may 
proceed and be completed durmg the subsequent absence of the hormone 
(8,186) On the other hand the responding organs show a considerable 
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degree of adaptability under varying experimental conditions In experi- 
ments m w hich tissues or organs are grafted into hosts the developmental 
stage of nhich differs from that of the donors, synchronous development 
of host and implants takes place m spite of the difference in age (13,56,67, 
68,99,104,109,120,101) In certain organs the determination of imagmal 
characters occurs later than in others, m some even a reversal to the 
immature (nymphal) stage is possible (184) 

Dunng each developmental stage the hormones controlling post- 
embryonic de\elopment appear to be released gradually into the circula 
tion In a given mtermolt period the time at which an effective hormone 
concentration is reached is called the “critical period'' (33,89,92,103,125, 
184,187) In Rhodnius the critical period of the GD hormone (moltmg 
hormone , 180) was found to precede that of the juvemle hormone This 
result 13 in agreement with the obser\ ation that m Leucophaea the cntical 
penod of the juvenile hormone also occurs comparatively late, i e , near 
the beginning of the second half of the mtermolt penod (140) A posable 
route by which these hormones are removed from the circulation has been 
demonstrated in Bombyx where ligation of the malpighian tubes near 
the intestine may prevent pupation (22b) 

The hormonal regulation of certain ph> Biological processes m insects 
may be influenced by a variety of environmental factors such as tempera- 
ture, nutrition, humidity (6a,13,29,101,185,186) 

In vertebrates and invertebrates ahke, little is known regarding the 
way m which hormones act on cells and tissues One approach to this 
fundamentally important problem may be offered by the study of the 
local rather than the general sjstenuc effects of hormones A few 
interesting observations along these bnes have been reported in insects 
(a) corpus allatum implants in Rhodnius cause more pronounced changes 
m the skm lying immediately above the site of the graft than m regions 
farther distant (184, see also 147,172a), (b) in Dmppus the hypodenms 
in the neighborhood of corpus allatum implants responds with a distinct 
color reaction (114,116), (c) another localised effect was observed fay 
Joly (84) who implanted into the ovary of Dytiscus corpora allata in 
jDiimbers msufBcient to elicit full ovanal response had they been implanted 
mto the body cavity The ooQ'tes m direct contact with the grafts 
underwent complete development while the rest of the oocytes of the 
same as well as of the other ovary showed incomplete response (Fig 9) 
This mteresting observation requires, however, confirmation based on 
adequate controls 

Thus it appears that endoenne organs of insects are capable of ehci - 
mg direct responses on contact with certain tissues Such effects 
come about by the mteraction of hormones with enzjmie systems either 
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on the cell surface or wthin the cell Wigglesu orth (184) visuabzes in 
the hypodermal cells of Rhodnms two such systems, one imaginal and one 
nymphal, each being actuated by the corresponding developmental 
hormone 

The properties of "gene hormones" have been studied from various 
points of view These substances are furnished by different organs at 
different times and in different amounts, they are stored m the organs of 
formation (34,52) Nutrition is knonm to influence the production of 
these substances (152) Their action manifests itself at definite times 
durmg development ("sensitive ’ or “effective" periods, 33b,33c), but 
the rate of development does not influence, for example, the output of 
(a+) substance (31) The release of "gene hormones” is controlled by 



Flo 9 — Intraovanal impUatatton of corpora allata in Dytiscus ca, corpus 
allatum implants 1 o , largo oocytes adjarent to the implants s o , small oocytes t , 
trachea (Redrawn from Joly 84 ) 

the requirements of the organs which produce them ("priority effect") 
Transmission by the mother to the Fi generation has been demonstrated 
The active material acts also tn vtlro, when added to a medium it causes 
organ aniagen to develop pigment as it would in vtvo (65) Gene con- 
trolled substances participate in the reactions which they bring about, 
yet they act in exceedingly small quantities For instance, the mjection 
of only 0 012 y of bactenally produced, crystallme kynurenme has a 
marked effect on the formation of brown eye pigment (52) 

By means of differential extraction with butanol "gene hormones” 
may be separated from hormones controllmg insect development (6) 

The hormone causing metamorphosis in dipterous insects (GD hor 
mone) has been purifled to the extent that some of its physicochemical 
properties may be listed as follow s the hormone is soluble in water, ethyl 
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alcohol, acetone, butanol, etc , it is resistant to heat and acids, but very 
unstable m alkaline solutions, it is dialyzablc (4,G) Similarly the chro- 
matophorotropic substance of the corpus cardiacum is known to be 
soluble m water and alcohol, resistant to heat and desiccation (157) 
Freezing and drjmg inactivates the GD hormone of the moth brain (187) 
and the “gonadotropic hormone” of the corpus allatum of Dytiscus (85) 
The chemical constitution of these and other insect hormones is unknown 
with the exception of the “gene hormones ” As has been stated before 
(p 144f) the (a+,v*')substancei8consideretlidenticalwithkynuremne,a 
trjptophan derivative, while the (cn"'") substance is chemically closely 
related to k 3 murenme 
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I Introduction 

A number of hormones, produced at specific points tvithm the body 
and transported in the blood, have now been satisfactorily shown to be 
159 
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concerned m coordination and integration m crustaceans There is, 
furthermore, strong suggestion that still other processes are normally 
influenced by hormones, though reasonable proof of these latter is still 
lacking It appears that the same general types of functions are con- 
trolled or influenced by hormones in the crustaceans as m the \ ertebrates 
Included in a list of such functions are color change, molting and growth, 
certain aspects of general metabolism, and differentiation and main- 
tenance of sex characteristics The sequence m this list is also roughly 
the order of decreasing extent of our knowledge regarding the details of 
the total hormonal mechanism which is involved In no instance has a 
hormone been obtained m a pure state Experimental work m no case 
has proceeded beyond studies of the results of extirpation of tissues or 
organs containing the source of hormones, implantations of these tissues 
or organs, blood transfusions, or injections of either crude extracts of the 
glandular tissue or of partially fractionated extracts still probably con 
taming a wide variety of substances Despite this, there has accumu 
lated a fairly considerable body of information as to the roles that certain 
endocrine tissues and their hormones play m the economy of the indi- 
vidual In the absence of cbeimcal isolation or punflcation of the actn e 
pnnciples, however, it is frequently very difficult to delineate the exact 
role of each hormone by itself Hence it has not been possible, m general, 
to demonstrate the identities of similarly acting hormones from different 
species and to apply names to these pnnciples with any real degree of 
assurance 

Compared with the state of our knowledge of vertebrate hormonal 
mechanisms our knowledge of those of the crustacean is in a most ele- 
mentary and fragmentary state 

A number of reviews have been written on the general subject of 
inv ertebrate hormonal mechanisms (62,65,91,93,97,127,154) Other and 
more recent reviews have been restncted to crustaceans (27,30,81) 

II Hormones and Sex Cbaractenstics 
A Gbnerai. 

The malacostracan crustaceans, la general, are dioecious and show a 
distinct sexual dimorphism, vnth the two sexes readily distinguishable on 
the basis of a number of characteristics The first suggestion of a hor 
monal activity within crustaceans came from observations on the dev elop- 
ment and maintenance of these secondaiy sexual characteristics, and was 
first called forth as an hypothesis to explain the results of parasitic cas- 
tration (50) of male decapod crustaceans * The earher observations are 

* C/ Section III D of the preceding chapter (p 138) for theeffectsofparwtic cast 

ration in insects 
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ably summed up m the excellent paper of Tucker (140) Parasitic 
castration by rhizocephalans such as Sacculina, Peltogaster, Tnangulus, 
and Lernaeodiscus has been described frequently These organisms, 
after a brief existence as free-smmmmg lar\ ae, become attached to the 
body of their host and c\ entually become little more than sacs contaimng 
reproductive organs and \Mth nutntue roots growing deeply through the 
host, destrojing tissues and oi^ans, and robbing host nutrients Other 
common parasites of crustaceans involved in castration are epicarid 
isopods such as Gjge and Bopyrus Thes»c latter paraaites enter the 
branchial chamber of the host as free s\v imraing lari ae, become attached, 
metamorphose, and feed upon the body fluid An infestation by such 
parasites leads to more or less suppression, degeneration, or occasionally 
even destruction, of the gonads, the extent of the cITect varying greatlj 
with the host species, parasite species, and the specific case 

B Male Sex Characteiustics 

Parasitized males commonly show incomplete differentiation of such 
typical secondary sexual characteristics as the specialized copulatory 
pleopods, the narrow er abdomen, and the larger male type chelipeds 
These portions of the body tend to assume forms resembling more closely 
the homologous parts in the female 

This modification of the sex characteristics has been explamed in 
various waj's by different investigators South (132,133,134) noted that 
females showed a greater rate of fat production than males and that the 
parasitized males resembled females m this regard Smith formulated 
the hypothesis that the parasite m the male imposed the same metabolic 
demands on the host as the normally active ovary of the female Both 
utilized large amounts of fats He believed that sexual formative stuffs, 
related m some manner to the fat metabolism, were involved m influenc- 
ing ovarianlif testes activity and, in parallel, the secondary sexual char- 
acteristics This hypothesis has been supported by Robson (124), 
Tucker (140), and Hughes (71) 

Another hjpothesis was that set forth by Biedl (17), who suggested 
that the parasite was female and liberated a feminizing hormone into the 
h£sS’s Wfivcvl Others have enliased thus wew on the ground that the 
parasite is not a female but a hermaphrodite 

The first inv estigator to suggest action of a male hormone was Coumer 
(43) w orking on parasitized male Carcinus He could find, however, no 
correlation between the degree of suppression of the gonad and the extent 
of influence on the secondary sex characteristics Therefore, he con- 
cluded that the male hormone must be formed in some tissue other than 
the gonads, and that this source must be suppressed or destroyed by the 
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parasite Okada and Miyashita (107), working on the crab, Eriocheir, 
confirmed Courner in finding no Bigmficant correlation between the degree 
of suppression of the gonads and of the secondary sex characteristics 
Lipschutz (100), on the other hand, assumed a normal liberation by the 
testis of a male hormone Its absence or reduction following parasitiza 
tion was considered to result in a change of the host toward a neutral 
form This view was also upheld by van Oordt (143,144) and was given 
strong support by the work of Bnnkman (20), who found m an extensive 
study of parasitization of the male crab, Munida, with three species of 
rhizocephalans that there was (1) a good correlation between the degree 
of suppression or degeneration of the testis and the extent of modification 
m the female direction, and (2) no similar correlation between the size of 
the parasite (and hence the nutritional dram on the host) and the change 
Brinkman belie\ ed, how ever, that both a male hormone and malnutrition 
were in\ olved m the explanation of the feminization 

Another interpretation of the results of parasitic castration in male 
crustaceans was that of Goldschmidt (51), who considered the parasitized 
form to be an intersex as a result of an influence of the parasite upon the 
normal expression of the sex genes A somewhat similar point of view 
w as adopted by Callan (38), who found no perceptible influence of castra 
tion upon the secondary sex characteristics of the male shnmp, Leander 
The latter investigator believed that the different species of crustaceans 
varied widely in the stability of their sex determining mechanism, with 
parasitic infestation being able to tip the balance much more readily m 
some than in others On the basis of this hypothesis Leander appeared 
to show a rather stable condition Less stable conditions were found by 
Potts (119), who reported that parasitized male Eupagurus showed pro- 
duction of ova in the testis Comparable observations were made by 
Smith (132) for Inachis, and Tucker (140) for Upogebia Evidence for a 
normal tendency tow ard hermaphroditism m higher crustaceans has been 
reported by Runnstrom (125) and Turner (141) 

Certain seasonal variations m secondary sexual characteristics m the 
male crayfish also suggest an action of hormones The copulatory 
appendages typically show a seasonal variation in form, assuming a 
sexually functional form at the summer molt and a nonfunctional form 
at the spring molt Scudamore (130) has pointed out that the time of 
metamorphosis to the functional condition is a time of high testie activity, 
according to Fasten (47), and that there is a minimum of testis activity 
at the time of the spring molt Scudamore also found that molts expen 
mentally induced by removal of the eyestalks during the winter months 
mvanably yielded the nonfunctional type, and correspondingly this also 
was a time of low testis activity 
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C FE\tALE Sex Characteristics 

Female crustaceans in general do not appear to show an extensive 
modification of their secondary sexual characteristics upon parasitic 
castration as do males Potts (119) working on Eupagurus, and Miya- 
shita (105) on Eriocheir have descnbcd a tendency of parasitized females 
to retain juxenile characteristics Potts also described a slight change 
of form of pleopod from the typically biramous type of the female toward 
the umramous one of the male 

The female does, howexer, commonly exhibit certain seasonal modi 
fications of bodj form associated with breeding activity These changes 
may m\ olv e brood pouches, incubatory chambers, and related structures 
Le Roux (98,99) has obserx cd that parasitic castration of Gammarus by 
a w orm, PoIjTnorphus, usually results in failure of development of charac- 
teristic marginal setae of the oostegites These setae were similarly 
inhibited when ovarian actuily was suppressed by irradiation but did 
eventually develop, along with a restored ovarian activitj, followang 
cessation of irradiation treatments Haemmerh Boxen (52) working on 
Asellus, and Mon (lOG) working on Daphnia reported that irradiation 
resulted in suppression both of ovaries and of brood pouch formation 
Callan (38) found with female Lcaniler that parasitic castration and 
X ray castration were both associated with failuic of the typical incuba- 
tory chamber to differentiate during the breeding season The typical 
pattern of white-reflecting chromatophorcs of the female was aho absent 
(87) Callan leaned toward an explanation of his results m terms of the 
activity of a hormone arising in the ovary, but realized that other inter- 
pretations of the results xvere not ruled out 

Recently AfeVay (101) has reported finding a seasonal fluctuation m 
abundance in female crayfish of a chromatophorotropio factor from the 
bram concentrating white pigment Males and females showed similar 
quantities during the nonbreeding penod, while females possessed sub- 
stantially less during breeding aclmty 

D Geverae Conclusions 

We may sum up by saying that many observations suggest strongly 
that hormones are operativ e in the development and mamtcnance of male 
and female sexual characteristics Such a suggestion anses chiefly from 
the often demonstrated fact that suppression or degeneration of the 
gonads following parasitic castration or irradiation is commonly asso- 
ciated with more or less modification of the sex characteristics in the 
direction of either a neutral form or of the opposite sex 1 he extent and 
character of the modifications vary with the host and the parasite spec es. 
and with the individual case Crucial experiments have not yet bten 
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performed to enable us to conclude definitely that specific sex hormones 
are actually operating, and, if so, m u hat tissues they arise Resolution 
of this problem must au ait results of conventional endocrinological expen 
ments in\oUing studies of the effects of tissue extirpations and replace- 
ments, and the isolation and physiological study of the active principle^ 

III Hormones and Color Changes' 

A General 

The first decisiie demonstration of hormonal activity m the crusta 
ceans came from a study of the controlling mechamsm of phjsiological 
color changes, and it is on this subject that the largest amount of research 
on crustacean hormones has been done Just as a similar approach to 
\ertebrate hormonal mechanisms iiould ha\e probablj soon led to two 
\erj important hormone sources, the adrenals and the pituitarj, so it 
happened that this attack on the crustacean led to tw o rich sources of 
hormones One of these, the sinus gland, usually within the eyestalks 
has already been show n to possess a number of important functions other 
than control of color change Other sources, within the central nervous 
organs, also appear to gi\e some indication of possessing functions witbm 
the orgamsm of more fundamental importance than control of color 
changes 

B The Chrosiatophores and Their Normal Acitvity 
Color changes m the crustaceans are brought about by the actnities 
of chromatophores The earlier literature on this subject has been 
extensively reMewed (6,48,112) The chromatophores compnse numer 
ous small syncytial bodies in the hj^iodermis, or directly beneath it, and 
0 % er certain of the internal organs According to the opmion now most 
generally held, these bodies have diffusely branched, radiating processes 
of a permanent character 11 itbin a single animal the chromatophores 
over the body may contain pigments of one or, more commonly, several 
different colors Crustacean pigments include a black or sepia (particu 
late melamn), reds and yellows (carotinoids), blue (a carotmoid-protem 
complex), and reflecting white (particulate guanine ) Each pigment 
within a chromatophore possesses the capacity of (1) moving centnpetallj 
to form a small mass near the chromatophore center (pigment concentra 
tion), or (2) dispersing centnfugally until the whole of the chromato- 
phore, even to the tips of its branches, is filled with the pigment (pigment 
dispersion), or (3) maintammg any intermediate degree of dispersion or 
concentration The degree to which any given pigment contributes to 
the gross coloration of the Htumal is a function of the degree of dispersion 
' CoTrespondiDg phenomena m the Tertebrates will be treated in Volume 2 
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of that pigment within the chromatophore Only the blue pigment 
commonly appeals outside of chromatophorcs ivhere it often seems to 
pen ade the general body tissues 

The chromatophores may be classed as monochromatic, dichromatic, 
or polychromatic depending upon the number of t>pes of pigment found 
aithin each MTien more than one pigment is present within a single 
cbiomatophore, these pigments usually remain separated from one 
another and usually each possesses Us own chromatophore branches into 
which it disperses 

The chromatophore system of many crustaceans possessing trans- 
parent or translucent cuticles constitutes a very elTectne mechanism for 
enabling the mdi\idual to mimic rather closely the shade, and often even 
the tint, of the background upon which it comes to he The common 
shnmp, Falacmonetcs, possesses mthin its chromatophore system red, 
yellon, blue, and uhite pigments By the appropriate differential dis 
persion or concentration of these four pigments in sympathetic response 
to backgrounds, the animal is able to assume any spectral color and may 
eten closely approximate black on the one hand, or almost complete 
transparency on the other The shrimp, Hippolyte, appears to possess, 
m addition to these abilities, power to assume adaptive color patterns as 
well (49,104) The sand shrimp, Crago, nhich contains black brown, 
red, >el\ow, and \xhite pigments, lacks the ability to assume bluish or 
greenish tints though displaying otherwise considerable powers of modify- 
ing its shade, tint, and general pattern of coloration to conform to its 
background (89) Such remarkable powers of chromatic adjustment are 
obviously possible only m terms of relatively independent control, on the 
part of the animal, of each of its various pigments 

The chromatophore system also typically responds to changes m light 
mtensity, usually assuming one state characteristic for the species durmg 
darkness at mght, and another in light during the daylight hours In 
some species this appears to be exclusively determined by the light 
mtensity change while in others the response is strongly conditioned or 
even determined by an inherent diurnal rhythm within the animal In 
the latter instances the typical diurnal changes may proceed even under 
conciitions of a consfact state at lilumtnattoa and baekgrouad A species 
showing the former type of response seems to be Palaemonetes, where the 
animal on a black background pales m darkness and darkens m light 
without relation to the diurnal cycle The fiddler crab, Uca, on the 
other hand, normally pales at mght and darkens by day despite the 
mamtainance of constant illumination and background The latter 
species shows relatively little adaptive response to color of background 
m light 
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C Hormonal Control op Chromatophores 
1 General Hisloncal Background 

It Was assumed for many jears that the chromatophores of crusta- 
ceans were directly innervated organs, though it gradually came to be 
realized that no one had demonstrated histologically any nerve endings 
at these organs, nor could workers show that the types of nerve transec- 
tion which they performed interfered sigmficantly wnth color changes 
Roller (88,89) working on the shrimp Crago vulgans, was the first investi- 
gator to provide positiv e evidence that controlling agents for crustacean 
color changes are carried in the blood Roller s expenments involved 
transfusion of blood from one animal to another He noted that when 
blood from a black ammal was transfused to a white one, the latter 
darkened even though kept upon a white background Blood from a 
white donor had no such effect, though neither did it lighten black 
recipients maintained upon a black background Blood from a jellow- 
adapted animal induced distinct yellowing of a white animal These 
blood transfusions brought about the color changes at approximate!} the 
same rate as normally follow ed the corresponding background changes 

Perkins (116) found no evidence whatsoever that the chromatophores 
of the shnmp, Palacmoneles vulgans, were under the control of nerves 
He could discover no direct nerve innervation, nor wrould extensive nerve 
transection expenments interfere with the color changes m this form 
When, on the other hand, blood flow m the dorsal abdominal artery 
supplying the posterior portion of the bod} was stopped, color change 
posterior to the point of stoppage immediately ceased Later when blood 
flow resumed, the posterior portion of the body quickly assumed the color 
of the remainder of the body Perkins interpreted these results as due 
to blood borne factors inducing pigment concentration and dispersion 
In attempting to determine the ongins of these hormones, he extracted 
separately, in sea water numerous organs and tissues of the body and 
observed the action of injections of these extracts into black- and white 
adapted individuals Of the numerous extracts tested, only one- 
extracts of the e} estalks — resulted in lightemng of dark specimens, ana 
none produced darkemng of light individuals Perkins also /ound that 
extracts of eyestalks from white-adapted donors were much more effec 
tive than those from black-adapted ones Ammals from which the e}e- 
stalks were removed darkened and remained so permanently On the 
basis of these experiments Perkins concluded that the eyestalks contained 
the source of a hormonal substance which lightened the body through con 
centration of the red and yellow pigments 

These results were completely confirmed for Crago, Leander, and 
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Processa by Koller (90), ho also demonstrated that the eyestalk hormone 
nas not species or e%en genus specific Koller sought further for the 
source of the blood borne principle which resulted in the darkening of 
white-adapted Crago which received a blood transfusion from a black one 
He found that injection of extracts of the rostral region of black adapted 
Crago or Leander caused darkemng of white-adapted Crago White 
adapted animals darkened after feeding on the rostral region Cauteij 
destruction of this region deprived nmmals permanently of the abilitj to 
darken again Koller concluded that an endocrine gland was located m 
the rostral region and that it produced a principle influencing the dark 
pigments of the body antagonistically to one from the eyestalk 

Following these imtial demonstrations of hormonal control of crusta 
cean color changes, many crustaceans were examined to determine how 
generally the hormonal activity was present within the group The eye- 
stalks, or occasionally the heads instead, of some seventy to eighty species 
of crustaceans were shown to yield sea water extracts wuth strong chroma 
tophorotropic actiiity upon the chromatophores of injected animals 
This actmty was generally similar to that which had been found m the 
eyestalks of Palacmonetes and Crago The chromatophorotropic roate- 
nal appears so commonly present among the higher crustaceans that the 
three isopods, Omscus Porcelho and Mesidothca reported not to have 
it (137,138) should certainly be thoroughly re-exammed 

Attempts to repeat Koller s observations on the rostral region gland 
have met ivith almost uniformly negative results Beauvollet and Veil 
(12) working on Leander reported confirmation of Kollcr’s rostral gland, 
but Panouse (109) and Carstam (41) also using Leander failed to confirm 
it Attempts to discover a rostral gland for Palacmonetes by Perkins 
and Snook (117) and Dro\vn (22), for Cambarus by Hanstrom (GO), and 
even to confirm the presence of one in Crago itself by Kropp and Perkins 
(95), Klemholz (80), Panouse (109), and Carstam (41) all led to negative 
results It appears therefore that no endocrine gland with the function 
asenbed to it by Koller hes in the rostral region There is now reason to 
suspect that a hormone originating in anterior central nervous organs was 
responsible for the positive results which were obtained occasionally 
This latter possibihty wall be considered later in Section 3 page 175 
Numerous observations have been made of the effects of extirpation 
of the eyestalks upon the state of the chromatophores m a number of 
species of crustaceans It is unfortunate for the interpretation of the 
results that the operation removes not only the gland in question (see 
Section 2 below), but also important central nervous organs and the 
pnncipal photoreceptors known to be essential to the normal reflex color 
adaptations of the ammals The observations at hand suggest that 
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crustaceans fall into three groups (Fig 1) with respect to the character 
of their response to eyestalk removal One group, exemplified by the 
shnmp, Palaemonetes, includes the majority of Isopoda, Mysidacea, 
Natantia, and Astacura which have been investigated The dominant 
dark pigments of these animals disperse widely, jaeldmg a permanently 
darkened condition ol the hodj Injection of eyestalk extract into these 
eyestalkless ammals induces rapid Iightemng 



Flo 1 — Diagrammatic representation of the results of removal from crustaceans 
of the eyestalks with their included sinus glands upon the coloration and dommant 

chiomatophore types (top row) All crustaceans so far investigated fall into one or 

another of the three groups The bottom row shows the mfluence of injection of eye- 
stalk or of smua gland extracts from other animals of the same group into the eyestalk- 
less specimens Dotted arrows mdicate an alcohol soluble fraction only, dashed 
arrows indicate onlj an alcohol insoluble fraction Reciprocal injection experiments 
among the three groups show that crustaceans of group III possess no telson- and 
uropod lightening activity for Cragoof group II, but otherwise there are no quaUtative 
differences 

A second type of response is found in Crago Syestai’i/esj Crs^ 
show an intermediate and mottled coloration (24) Some of the dark 
chromatophores have their pigment broadly dispersed, others are in an 
intermediate condition, while still others have theirs fully concentrated 
These ammals respond to eyestalk extract injection by uniform blanching 

A third type of response, exemphfied by the crab, Uca, is exhibited 
by all the Brachyura (true crabs) which have been investigated Eye- 
stalk removal in these yields a permanently pale condition of the body 
due to maximum concentration of the dominant dark pigment (1,39) 
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lojection of ejestalk extract results m rapid darkening of the body, the 
re\erse response to that seen in the first two t\pes 

The state of the pigments follon*mg cxestalk remo%al seems to differ 
in ^a^lous crustaceans, mth each spcues possessing its own character- 
istics In Anew of this situation and the fact that reciprocal injection 
experiments seemed to suggest that regardless of the species contributing 
the ejestalks, their extracts would call forth the same reaction as an 
extract of stalks from the same species, Abramownts (4) proposed the 
hypothesis that all the crustacean pigmentary behas lor could be explained 
through the action of one hormone, cjcstalk hormone — ESH of Abramo- 
wnt 2 and Abramowits (8) The differences m response among species 
were belie\ed explainable in terms of differences in the tliresholds and m 
the characters of response of the \anous chromatophores to the single 
hormone This concept became knowm as the “unitary hormone h\poth- 
esis” and has been supported bj a number of imestigators 

In contrast mth the umtary hormone hj'pothesis was the ‘multiple” 
one According to this concept all the obsened pigmentary responses 
could not be explained in terms of a single chTomatophorotropic pnn 
ciple This view was implied in the work of Perkins (116) by his factors 
for concentration and dispersion, and definitely supported by Holier 
(89|90,92) with lus work on the eyestalk hormone the rostral-region 
hormones, and his yellow factor from ehewhere m the body Also the 
work of Holler (89) on Crago, Brown (22) on Palacmonetes, Abramowits 
(1) and Hitchcock (CO) on the crab, Portunus, showed that m adaptation 
of these ammals to colored backgrounds, various combinations of pig- 
ments displayed abibty to distribute themselves within the chromato- 
phores more or less independently of one another Such relatively 
independent actinty of the pigments had been known for many years to 
be true for the shrimp, Hippolyte (Keeble and Gamble, 74, and Mm 
kiewicr, 104) Brown (22) proved by nerve tranaection experiments that 
the independent activ ity of the four pigments of Palaemonetes was w holly 
the result of hormonal action and suggested that at least four chromato- 
phorotropic hormones were present to account for the observed phe- 
nomena Parker (114) pointed out that three principles would account 
for the behavior in this species Smith (135) by very ingenious expen 
mentation has presented evidencefor separate body lightening (W factor) 
and body -darkening (B factor) pnnciples in an isopod Carstam (41), 
working on Leander, demonstrated separate controlling factors for the 
red and yellow pigments m this shnrap 

In addition to the preceding work, several expenments indicated that 
chromatophorotropically active substance could also be extracted from 
central nervous organs of crustaceans Brown (21) discovered that 
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extracts of these organs of Palaemonetes would induce paling of dark, 
eyestalkless animals though no other organ of the body except the eye- 
stalks would do likewise This observation was confirmed for tw o species 
of Penaeus by Hosoi (70) and Hanstrdm (60) ICnowles (86) found that 
extracts of central ner\ ous organs concentrated white pigment in Leander 
Brown (22) noted that the dark and white pigments of eyestalkless 
Palaemonetes could be made to concentrate mthin the chromatophores 
in response to electncal or heat stimulation of the cut ends of the optic 
nerves This last observation found a reasonable interpretation in the 
activity of hormonal material onginating in the central nervous organs 

2 The Sinus Gfond 

a Structure and Innervation Hanstrom in 1933 (54) descnbed for 
the first time in the crustacean eyestalk a gland which he first called the 
blood gland but later (60) named the sinus gland Since that time the 
gland has been found in all the higher crustaceans m which it has been 

A B 

Fic 2 — The smusglaadstntbeeyesUlksof A, Palaemonetes B,Crago aDdC,0e3, 
as seen from the dorsal vte^ la species such as Crago and Palaemonetes possessing 
transparent cuticles the gland is cleariy visible in the intact living specimen in iibich 
it appears as a bluish white opaque organ against the more transparent grayish white 
underlying nervous tissue (Modified from Brown, 26 ) 



sought (26,31,4160,131,138) In the vast majority of the stalk-eyed 
crustaceans it lies m the eyestalk (Fig 2) In some stalk-eyed species 
(e g , Upogebia and Ementa) and in species without eyestalks the gland 
lies close to the supraesophageal ganglion in the head In the decapod 
crustaceans upon which most expenmental work has been done the gland 
occupies a dorsal or dorsolateral position in the eyestafk, most coramomy 
lying opposite a point between the medulla externa and interna Less 
commonly it bes opposite the medulla interna, while in a few species it has 
an attenuated form and occupies a position opposite the medulla interna 
and medulla terminabs In shnmp with highly transparent cuticles, 
such as Palaemonetes and Crago, the gland is clearly visible in the intact 
hving ammal held in bright incident illumination The gland possesses 
a more blmsh-white coloration than the remainder of the stalk tissue, 
probably due to the large amount of mtr^ellular inclusions of the gland 



^ HOnMONES IN CRUSTACEANS 17J 

cells In species mth thick opaque cuticles the gland may be seen m 
fresh tissue b> dissecting away the diwsal exoskeleton and h>podermis of 
the stalk The gland occupies less than the volume of the eyestalk 
in the crayfish, Cambarus (31) 

Hanstrom (60) belie\cs that the gland originates phylogenetically as 
a thickening of the neurilemma over the nerv ous elements of the ej estalks, 
with its simplest and most primitive form found m certain mysids, 
euphausids, isopods, and amphipods In the Natantia with few except 
tions, the gland occupies a portion of the neurilemma at a point where a 
blood sinus within the central nervous sj'stem opens into the large super- 
ficial smus of the stalk and thus the gland possesses a beaker-shaped form 
In the Astacura the inner blood sinus has become complexly branched, 
and, with this, the sinus gland which occupies its m alls In most of the 
Brachjnira examined, the gland has the form of a hollow sphere Here 
the pnmitne gland is believed to have separated from the neurilemma, 
become invaginated, and liberate its products into the lumen which is 
connected with both the inner and the outer blood sinuses In those 
decapods m which the gland is in the head instead of the e> estalks, as in 
certain anomuraos, the gland appears secondarily simplified to form a 
simple plate of glandular tissue in contact with only an outer blood smus 
into wluch the contents appear to be discharged directly 

The cells comprising the sinus glands appear nchly charged with 
acidophilic inclusions, staining with eosm acid fuchsm, and light-green 
(HanstrSm, 60) Also described are basophilic inclusions with the rela- 
tive abundance of the two types of granules varying with the different 
stages in the moUiog cjcle m the crawfish, Cambarus (120) Hanstrom 
(60) ais>o described for the cells fine secretory canals for the conductance 
of gland products to the sinus 

The gland is richlj innervated It is supplied on its inner surface 
by a large nerve arising in the medulla terminaUs (60), and at least in 
Cambarus some fibers of this nerve appear to arise in the supraesopha- 
geal ganglion (153) In thu latter species Welsh (153) has also described 
a branch of the oculomotor nene passing to the region of the gland 
Thus, the gland appears to have a triple mnervation 

6 CHromai'opiloro&opic AcCitni^ Alior*y ihdVm-rag- opim 
stration that the eyestalks of crustaceans produced hormonal matenal 
active upon chromatophores came attempts to locabze the source withm 
the stalk Koller (92) divided the stallm of Crago transversely into two 
portions, the sensory portion and the remainder Since the sensory 
portion showed slight activity, even though by far the greater part of the 
activity lay m the remainder of the stalk, Koller concluded that the blood 
gland at the base of the retina was the source Destruction of this sup- 
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posed source by cautery produced lasting body darkening, therefore 
adding apparent confirmation to his conclusion 

Hanstrom (60) believed that Koller’s blood gland could not be the 
actual source of the active material since it was not present m the chroma 
tophorotropically active eyestalks of some species such as Palaeraonetes 
Furthermore, the gland w as not innervated as would perhaps be expected 
Nor did Hanstrom believe that the source of the hormone in question was 
the X-organ of the crustacean eyestalk (18,41,53,64,55,56,57,58,60, 
66,138) even though this organ appeared to possess the histological char- 
acteristics of an endocrine gland The X-organ, also, was not found m a 
few species bearing active eyestalks (e g , Astacus, Uca) On the other 
hand, Hanstrom’s sinus gland was found in all thenumerousmalacostracan 
crustaceans m iihich it was sought: its cells showed every indication of 
active secretory activity, and it was well innervated as it seemed reason- 
able to expect in view of the reflex nature of crustacean color changes 

Hanstrom (59,60) earned out an extensive survey of a wide variety 
of species of crustaceans m which the eyestalks, or heads of those species 
in which the eystalks were inactive, were sectioned m various ways and 
the portions extracted and injected into species with active, readily 
observable chromatophores His assay ammals consisted m different 
experiments of Falaemonetes, Uca, or Penaeus In these expenments 
Hanstrom utilized m a very ingenious manner the species differences in 
the position of the sinus gland withresi>ect to other organs m the eyestalk 
or head He showed quite conclusively that every active portion always 
contained the sinus gland m whole or in part and that no inactive portion 
ever did Furthermore, he manned by judicious selection of species to 
get one by one every conspicuous organ of the typical crustacean eyestalk 
into a portion without the sinus gland and found extracts of each one m 
turn to be inactive The sinus gland therefore appeared to be the 
exclusive source of hormonal material blanching the bodies of dark shrimp 
on the one hand, and darkemng the bodies of pale fiddler crabs on the 
other 

These conclusions were fully confirmed by Brown (26), who removed 
tha •y.wN.'E, by •at w’isAft.'ieans. GeJlinectes 

(blue crab), Carcimdes (green crab), Crago, Libinia (spider crab), 
Pagurus (hermit crab), Falaemonetes, and Uca The activities of 
extracts of the glands by themselves were compared with extracts of the 
remainder of the eyestalks in their action in concentrating the red pig- 
ment of Falaemonetes on the one hand and dispersing the black pigment 
of Uca on the other It was found that approximately 80% of the 
activity of the whole eyestalks was present in the sinus glands which 
occupied less than 1% of the total volume of the stalks In dissecting 
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out the smus glands from the stalks a bluish-white cloud of colloidal 
material could usually be seen to pass out of the gland into the surround- 
ing tissues Such an escape of substance could reasonably be expected 
to account for the remaining 2Q% of the activity seen in the residual stalk 
tissue It was found, furthermore, that the activity of the glands by 
themselves was the same as that of the rcmaimng stalk tissue m relative 
efTecUveness upon the two types of chromatophorcs, further suggesting 
the gland as being the sole source m the stalk of hormonal material 
influencing these two chromatophore types Still further confirmation 
was also found m the action of implants of sinus glands in the ventral 
abdominal sinus of Palaemonctes A single implant maintained the red 
pigment m eycstalkless specimens more or loss concentrated for as long as 
five daj's, i e , many times as long as that ever found following injection 
of highlj concentrated extracts of ejcstalks 

The onlj attempt that has been made to remove the smus glands 
alone from the eyestalks for the studi of chromatophonc responses (33) 
involved the bilateral removal of the glands b> microaspiration from 
several specimens of Palaemonctes , Such sinus glandless animals 
became dark and showed no ability to concentrate their dark pigments 
m response to white backgrounds Proof that the glands were com- 
pletely removed was afforded by injecting into test animals extracts of 
the stalks of sacnficcd animals 

The sinus gland has also been shown to affect other types of pigments 
than the tw o mentioned above Each of the eight physiologically differ- 
ent pigments of Crago sliows its own response to injection of sinus gland 
extract (32,37) The pigments are induced to concentrate, or disperse, 
to different relative extents The white pigment of Cambarus has been 
shown to disperse, and the red to concentrate, under the influence of sinus 
gland extracts (34) 

From the preceding account it is seen that much evidence exists that 
the smus glands are chromatophorotropically active, and there is no 
evidence that any other eyestalk organ is active m this regard 

c The Number of principles and Thnr Aclivtttes The eyestalks, or 
the sinus glands by themselves, yield hormonal material which upon 
injection produce within the slinmp at least grossly the same response 
(body hghtening) as that normally called forth by a white background in 
light, and within true crabs the typical dark coloration seen in the day 
time phase of their diurnal cycle (4) The removal of the eyestalks from 
the slwimp brings about a state of the coloration which tends in the gen 
eral direction of that seen in nonnal response to an illuminated black 
background, and in the crab to a condition simulating the nighttime 
phase of its diurnal cycle However, the coloration of eycstalkless 
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shrimp IS distinguishable from black-adapted ones Palaemonetes 
always remains more reddish-brmvn, and it imII be recalled that Crago 
simply reaches finally an intermediate mottled coloration Supporters 
of the "unitary hormone hypothesis” discussed earlier assumed that a 
single chromatophorotropic hormone (ESH) was produced by the sinus 
gland Ho^\ever, in view of the overwhelming weight of the evidence 
indicating that two to several chromatophorotropic hormones must be 
present within the animals, there seemed to be a reasonable possibility 
that the sinus gland itself was responsible for more than one of them, 
especially since all of the numerous pigmentary types-investigated among 
crustaceans were shown to be affected by extracts of this gland 

Brown and Scudamore (36) sought to determine whether or not a 
single hormone from the sinus gland is responsible for all of the observed 
reactions of the chromatophores to extracts of the gland They made a 
comparative survey of the effects of eyestalk and sinus gland extracts 
from Crago Carcimdes, Libima, Uca, Pagurus, Calhnectes, and Pnlae 
monetea simultaneously upon Uca black, and Palaemonetes red, pig 
ments The ratio, (effect upon,Ucapblack)/(effect upon Palaemonetes- 
red), differed m a repeatable manner with the species source of the gland 
The order of decreasing size of the ratio was the order of species listed 
above This order bore no relationship either to the relative weights of 
the ammals or to the apparent relative concentrations of ESH as deter- 
mined by Abramowitz (3) upon Uca, which were respectively in grams, 
1,60 60,2,ll,l00,l,andmUcauaits 0 25 1 25, 4 0, 1 0, 1 25,— , 0 36 
A hypothesis that the differences observed for the ratios were the result 
of differing concentrations of two factors, a Uca-black-dispersmg hormone 
and a Palaemonetes-red concentrating hormone, was fully borne out by 
the partial separation of the extract into two fractions, one relatively 
soluble m 100% ethyl alcohol and the other relatively insoluble in this 
solvent The alcohol insoluble fraction showed a significantly higher 
Uca/Palaemonetes ratio and the alcohol-soluble fraction showed a dis- 
tinct! j low er one than sea water extracts of whole glands Furthermore 
a ratio closely approximating that shown by whole-gland extract was 
re obtained by mixing the two fractions These results seem most 
reasonably explained in terms of possession by the glands of two different 
hormones with the glands of the seven species examined varying m the 
relative amounts of the two present 

Evidence from studies of the comparative influence of sinus gland 
extracts upon a third chromatophore type, the melanophores of the telson 
and uropods of Crago by Brown and Ederstrom (32) point to the presence 
of still a third pnnciple Sinus gland extracts from Crago and Pala^ 
monetes, but not of Uca and Carcimdes will produce a very powerful an 
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rapid concentration of this pigment The effectiveness of the extracts in 
bringing about this action appears to bear no relationship to the abihty 
of the extracts to influence either PJaemonetes red pigment, on the one 
hand, or Uca black, on the other Therefore it appears that sinus glands 
of Crago and Palaemonetes contain a hormonal substance not present in 
sigmficant amounts in the glands of the crabs Broira and Wulff (37) 
showed that this hormone remains in the alcohol insoluble fraction of 
those sinus glands which possess it (Fig I, page 168) 

For the purposes of con\emence of reference and also in order to focus 
attention upon three difTerentlj acting chromatophorotrophic principles 
of the sinus glands of crustaceans it is proposed at this time that they be 
named (1) Palaemonetes lightening hormone or PLH, (2) Uca-darkenmg 
hormone, or UDH, and (3) Crago-telson lightening hormone or CTLH 
These terms are not applied with any intended unphcation that these 
three together necessarilj constitute the total of the sinus gland hormones 
which influence chromatophores nor that it is expected that it will be 
found eventually that anj single hormone influences exclusively a single 
chromatophore tj pe On the coatrar>,it seems reasonable to expect that 
other principles will be found m the glands, with single ones influencing 
more than one type of pigment cell 

3 ChromalopkorolTopic Hormones from Central Nenous system 
Crustaceans from w hich the eyestalks with their included sinus glands 
have been removed normally reach a condition of the chromatophores 
characteristic for each species and which they maintain within rather 
narrow bmits for an indeflnite period, if the ammals are not disturbed 
These eyestalkless ammals are, nevertheless, capable of showing changes 
m the state of their chromatophores upon appropriate stimulation of the 
stubs of the optic nerves The^e changes m those cases which have been 
analyzed for the means of chromatophore influence indicate that the 
changes are due to activity of blood borne agents 

Uca, after eyestalk removal, continue to show a diurnally rhythmic 
activity of the dark pigment though in greatly reduced degree (5 36) 
Eyestalkless Hippolyte continue to respond to darkness and hght by 
concentration and dispersion respectively of their dark pigment (49,85) 
Undisturbed eyestalkless Crago are occasionally seen to eidubit a transi- 
tory blackemng of their tekon and uropods (apparently associated with 
molting activity) or even of their whole body Observations such as 
these suggest strongly that there is a normal source of chromatophoro- 
tropic hormonal matenal in a tissue outside of the eyestalks, and that this 
source could produce coloration changes either in the same direction as 
those induced by sinus glands (Uca, Palaemonetes) or oppositely (Crago) 
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Iq this connection it has been found recently (unpubhshed) that extracts 
of the central nervous system of Uca exhibit great effectiveness in darken- 
ing eyestalkless animals of this species The influence of injections of 
extracts of central nervous systems upon the color changes of eyestalkless 
crustaceans is diagrammatically represented in Fig 3 

The observations of Koiler (90,92) and B^o^^n (2-i) on Crago sup- 
ported very strongly the hypothesis that a hormone antagonistic to an 
eyestalk-onginatmg one lay m a region of the body other than the eje- 



£io 3 — Diagrammatic represeatatiOD of the lofluence of extracts of the central 
nervous organs of crustaceans of each of the three diQerently responding groups upon 
the coloration and major chromatophore types of eyestalkless specimens (top row) of 
the same group Dotted arrows indicate action of an alcohol soluble fraction, dashed 
arrows indicate action of the alcohol insoluble fraction Reciprocal uyection expei' 
menta among the three groups show group III to lack the body- and the telson and 
uropod-darkemng activity for specimens of group II, but otherwise no qualitative 
differences seem to eaist 


stalks m this species It has been pointed out that Koiler believed the 
source laj m the dorsal rostral region, m the blood cell gland located 
there (44,94) Stimulation of the stubs of the optic nerves in eyestalkless 
mdividuals always resulted in the blackening of the telson and uropods 
The rest of the body responded more variably, sometimes lightening, 
at other times darkening, or showed mtermediate response involnng 
an initial hghtening followed by darkening (26) These responses con- 
tmued after nerve transection, indicating their dependence upon blood 
borne agents Bronm and Ederstrom (32) sur\ eyed the tissues of Crago, 
mjectmg extracts of each into eyest^kless specimens of the same species 
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The midregion of fhe ctrciimesophageal connecCi^ es, including the con- 
necti\e ganglia, was found to be most efrccti\e in blackening the telson 
and uropods m thc«e animals with po«iti\e responses resulting in more 
than 90% of the e\penments Actuitj of the nervous s>stem dropped 
off sharplj along the connectixe interiorly and posteriorly from this 
region, dropping off much more abnipth m black adapted than in white- 
adapted specimens No other tissue of the bod\ ga^ e a similar darkenmg 
response These w orkcra postulated that a telson- and uropod-darkening 
pnnciple was produced in the connects e ganglia or m the connective just 
postenor to it A normal function of such a hormone is indicated by the 
fact that It IS rather common to collect in the field specimens of Crago 
wnth a coloration (black “tad” and light trunk) mdistinguishable from 
that of ejestalkle'is specimens injected with connectne extract 

The«e observations were extended bj Brown and Wulff (37), who 
foimd that extracts of the connectives affected each of the eight differ 
ently responding chromatophore types mthin the species The action 
appeared to be supplementary to the action of the sinus glands with 
regard to some pigments (black brown, and red) of the body and to 
antagonize it with respect to others (black and red pigments of the telson 
and uropods and all the white pigment) The darkening action on the 
telson and uropods w as found to reside only in an ethy 1 alcohol insoluble 
fraction of the connectives, while the rest of the activity was readily 
alcohol soluble Therefore two active pnnciples appeared present m the 
connectives These were, in general terras (1) a telson- and uropod- 
darkening principle, and (2) a body lightening principle In the expen 
ments it was not possible to obtain a tcl*on and uropod-darkening 
fraction wnlhout body -lightening activvty present The tw o general types 
of activity w ere also spatially separated w ithin the central nervous organs 
Only the connectives possessed the former, but all the major parts of the 
system contamed the latter It was suggested that if the teLon- and 
uropod-darkening principle of the connectives possessed a general body- 
darkenmg action when present wnthout the body hghtening principle, an 
explanation would be at hand for the earlier observations of Koller and 
of Brown Supporting, but not proving, such an hypothesis were the 
observations that mild stimulation of the evestubs of eyestalkless Crago 
resulted m blackening of both body and “tail,' whereas stronger stimula- 
tion called forth blackening of the “tail" and simultaneous hghtening of 
the body In terms of this concept, weak stimulation could be considered 
to result in a liberation of only one of the two principles, while strong 
stimulation w ould cause indiscnmmale liberation of both 

Further experiments aimed at localization of the source of the telson 
and uropod-darkening hormone of Crago were carried out by Brown (26), 
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^ho found the actuity to reside almost exclusively in the tntocerebral 
commissure (Fig 4) lying postenor to the esophagus, and passing 
between the two circumesophageal connectives, together \nth the 
immediately adjacent medial aspect of the connecti\e lying between the 
origin of the commissure and the connective ganglion The tntocerebral 
commissure by itself showed by far the greater part of the total activity 
indicating that in it, or on it, was the actual cellular source of the hor- 
mone Therefore practically all the activity in this regard has been 
locahzed to a relatively minute portion of the nen- 
ous system It is very suggestive that this portion 
of the nervous system is closely associated with the 
stomatogastnc, or syonpathetic, system m these 
forms, as is the case with the corpora cardiaca of 
cockroaches which Brown and Meghtsch (34) have 
shown to possess powerful chromatophorotropic 
activity upon crustacean chromatophores 
Extracts of tntocerebral commissures and the 
adjacent region of the connectives of Crago invar 
tably darken the telson and uropods, but show 
varying degrees of body lightening followed by body 
darkenmgwhich may readily be interpreted in terms 
of the hypothesis of diffenng relative amounts of 
two hormones, (1) a body- but not a “tail” lighten 
ing one and (2) a body- and *‘tail"-darkening one 
This hypothesis was recently verified thoroughly 
by Browm and Klotz (33a), who were able to sep- 
arate quite completely the activity m extracts of 
the tntocerebral commissure into two fractions, 
through utilization of their solubility differences in 
alcohol and v\ater The alcohol soluble fraction, 
as earlier predicted blanched the bodies of eye-stalkless Crago, while the 
alcohol insoluble fraction blackened both body and “tail” (Fig 5) 

A survey of other crustaceans for the presence of the Crago-“tail”- 
darkemng principle by Brown and Saigb. (35) found no other crustacean 
with the commissures alone active Other crustacean groups showed (1) 
other regions within the nerv ous system active with maximum activity 
m the postenor thoracic cord (the anomurans, Pagurus, Emerita, and 
Upogebia), or (2) nearly umform activity for all the central nervous 
organs (the astacurans Homarus and Cambarus and the natantian 
Palaemonetes), or (3) no activity in any part of the system (the bra 
chyurans Carcimdes Libinia, Uca, etc ) All these other crustacean 
nervous systems examined, with the exception of those of the astacurans. 



Fig 4 — tdLigram 
showing the relation 
ship of the tritoeere- 
bral commiasure to 
the other parts of 
the anterior central 
nervous system of 
Crago 
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also showed strong Crago-body-lightemng activity, this lightening activ- 
ity showang in general complemental distnbution to the darkening 
activity Homarus and Catnbarus showed relatively shght lightening- 
activity, w ith certain parts of the central nerv ous system strongly black- 
emng both the “tail ’ and body proper m eyestalkless Crago All these 
observations lend /urther support to the hypothesis pre\ 2 ous)} set foi-th 
that the Crago-“tail ’ darkening principle, in the absence of an antag- 
onistic bodj-hghtemng one is an effcctue body darkener 



Fig 5 — A photograph ehon log the influence of chroraatophorotropina ongmatiog 
in the tntocerebral commissure of the central nervous aystem of Crago upon eyestaUc 
less Crago The three animals were initially matched in coloration Fifteen minutes 
before the photograph was taken B was injected with eea water and served as a con 
trot A and C each received injections of the equivalent of one quarter tntocerebral 
commissure either as a aca water eatract (A) or as an alcohol insoluble fraction (C) 

Evidence for the presence of two chromatophorotropic hormones 
within the central nervous system of Cambarus has also been obtained by 
MeVay (101), who studied the relative effects of extracts of nervous 
organs upon isolated red and white chromatophores of Cambarus It is 
quite possible that this investigator was dealing with the same two prm- 
ciples previously studied 

These experiments give strong evidence favoring the existence of two 
hormones origmatmg from certam loci withm the central nervous system 
It IS proposed that these be called, on the basis of the responses through 
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which they have been differentiated (1) Ciago-darkening hormone or 
CDH, and (2) Crago-body-hghtenmg hormone or CBLH 

4 Propcrhes of the Chromatophorolropic Hormones 
We still know very little of the chemical nature of the color change 
hormones of the crustaceans It is very evident that all the hormones 
are readily soluble in water and are all insoluble in such fat solvents as 
ether, benzene, and chloroform (2,3,5,7,40,101) Practically every 
investigator in the field, beginning with Koller (92), has dealt i\ith boiled 
extracts, indicating that all are stable in neutral solutions during short 
penods of boiling In fact there are some reports of potentiation of eye 
stalk extract upon boiling This has been found for Palaemonetes (116) 
and for Cambarus (60) although denied for Callitiectes and Carcinides 
(36,101) Chromatophorolropic actiiity has been found to persist in 
dried eyestalks for long periods, even up to several months b> PerkI^^ 
and Snook (117) and Hanstrom (60) 

The solubilities of the color change hormones m alcohol show greatei 
differences Some are mote soluble in ethyl alcohol than others Carl 
son (40) and Abraraorvitz (3,5) found some (up to 00%) of the activity of 
eyestalks in darkening eyestalkless Uca to be soluble, although Brown 
and Scudamore (36) found this fraction (UDH) much less soluble m this 
solvent than a fraction (PLH) with greater influence upon red pigment of 
Palaemonetes Similarlj , a third hormone of the sinus gland (CTLH) 
IS relatively insoluble m alcohol The hormones of the central nervous 
organs similarly show differences m their solubility in ethyl alcohol, one 
(CDH) 18 relatively insoluble in this, while the other (CBLH) is quite 
soluble 

Carlson (40) originally showed that the Uca-darkenmg activity of 
sinus glands was resistant to brief boiling m dilute HCI and NaOH but 
Abramowitz (3) found that longer boilmg in NaOH, but not HCI, resulted 
m its total inactivation Brown and Suter (unpublished) dealing nith a 
factor influencing Cambarus red pigment found that m boilmg m 0 1 A' 
NaOH there was potentiation during the first 45 minutes, then rapid 
destruction which was complete in one and a half hours 

The most successful attempt at purifying one of the hormones was 
that of Abramowitz (7) usmg black pigment of Uca for assay With 
adsorption techniques he was able to increase the concentration of the 
hormone neatly two hundred times The purified substance showed 
reactions characteristic of ammo bases 

Carlson (40) found that active material from eyestalk extract would 
readily diffuse through cellophane, thus indicating a relati\ely lo’* 
molecular weight 
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5 Idenltlies and Phyloffenettc DistnbuUon of the Hormones 
Of the three ftctuc principles ipparcntlj picsent in crustacean smus 
glands, tno, namel) , UDH and PLH appear to be present m all of the 
species examined CTLH, on the other liand is abundantlj present in 
the smus glands of the Natantia examined and absent, or nearly so, from 
all bracbjairans 

One of the tn o principles occurrmg in the central nervous systems 
(CDH) IS found in one or another part of all nerv ous systems except those 
of the brachjairans, vhile the other one (CBLH) seems to be present in 
all, though rclativclj least abundant m the Astacura 

There is as j et no clear indication that anv of the color change hor- 
mones are identical mth those found in insect heads or corpora cardiaca 
(34,62,64), in Limulus central nen ous bj stem oi in \ertebrates although 
there is a certain degree of similantj in some instances Abramowitz (5) 
exammed the action of ej estalk extract upon i ertebrate chromatophores 
and the action of intermedin on crustacean ones He found similar but 
not identical action Intermedin and the c>cstalk hormone influencing 
XIca pigment (UDII) were also shomi to have manj phjsicochemical 
properties in common It nas not possible, hoMc\er, to balance com 
parable do^es of ej estalk extract and intermedin Furthermore, inter- 
medin dispersed Crago black pigment (19) while e\ estalk extract 
concentrated it 


0 Control of Secretion of the Hormones 

The secretion of hormones bj both the sinus glands and the sources 
within the central nen.ous organs appears controlled jointly by two 
factors (1) an mherent diumally rhythmic mechanism and (2) the reflex 
responses of the animals to stimulation of the compound eyes The 
relative importance of the two appears to vary ivith the species and the 
chroraatophore type At one extreme lies Uca in which stimulation of 
the compound eyes by changes m light intensity or background induces 
relatively minor changes in the chroraatophore state, while a sinking, 
diumally rhythmical change continues regardless of eye stimulation 
At the other extreme he such crustaceans as Pafaemonetes m which the 
state of the chromatophores is almost entirelj dependent upon the light 
intensity and the background, with the responses mediated through the 
eyes 

We know almost nothing of the mechanism of the 24 hour rhythm and 
very little more about the relationship between the compound eyes and 
the state of coloration The darkening and lightening responses are 
dependent upon the relative degrees of stimulation of dorsal and ventral 
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portions of the retina (4,60,63,75,135), however, it is still too soon to do 
more than just speculate upon just what hormones, and in what proper* 
tions, are responsible for any given state of the chroraatophore system 

D General Summary 

The chromatophore system of crustaceans is controlled almost 
exc\usi\ely by hormonal sutetances arising withm the sinus glands of the 
eyestalks or head, and withm central nervous organs The active locus 
or loci within the central nervous organs vanes mth the species hut is 
relatively constant within each of the major groups of decapods The 
sinus glands appear to possess three prmciples which have been named 
on the basis of the principal activity by which each was differentiated 
from the others, as (1) PLH (Palaemonetes hghtenmg hormone), (2) 
UDH (Uca-darkemng hormone), and (3) CTLH (Crago-" tail "-lightening 
hormone) The first two are found within all sinus glands tested while 
the third is absent, or practically so, from all the true crabs (Brachyura) 
The central nervous organs contain at least two active principles (1) 
CDH (Crago-darkening hormone), produced m the tritocerebral com 
missures of Crago and in other portions of the nervous system of other 
crustaceans (except the true crabs, from which it is entirely absent), and 
(2) CBLH (Crago-body lightening hormone), of general distribution 
through all the decapods eYamined, being least abundant in the asta 
curans, lobster, and crayfish 

These hormones have not yet been identified with any noncrustacean 
hormones, though one, UDH, resembles mtermedm m many respects 
The hormones are all water soluble, some are relatively soluble in ethyl 
alcohol, and none are soluble in the common fat solvents The control 
of hormone hberation is m part internal through a diumally rhythmic 
mechanism, and partly reflex involving stimulation of the compound 
eyes, with the relative importance of the two varying with the species 

IV Hormones and Retinal Pigment Movements 
A Retinal Pigments and Their Normal Activities 

The piTiiiapa’l 'pboloreceptors di Ube tinner cruslatisKiis tiie ccm. 
pound eyes each of which is composed of a relatively large number of 
units the ommatidia The determination of the manner in which these 
eyes function and the physical adaptation of the eyes to changes m light 
intensity are both affected by the movements of pigments withm certain 
cellular elements withm the eyes This subject has been renewed b> 
Parker (113) The pigments participating m these functions m crusta 
ceans fall into three groups (1) the distal retinal pigment (2) the pro^fi 
mal retinal pigment and (3) the reflectmg pigment (Fig C) 
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The distal retinal pigment is the black pigment, melanin This pig- 
ment occupies tv, 0 cells v bich surround the distal portion of each rodlike 
ommatidmm to form a light absorbing, sleevelike casing In bright 
light the pigmented slecic elongates and encases the ^hole length of the 
dioptric portion of the ommatidium, effectively provndmg that all light 



Fio 6 — Omnutidia from the eyes of PalatmmHta vulgani m light (L), dark (D) 
end m dark foUomog injection of extract of eyestalksfrom Lght>adapted specimens (£} 
C, cornea, DP, distal pigment PP, proximal pigment BM, bjwement membrane RP, 
reflecting pigment RH, rhabdomc (From Kleinholx 77 ) 


which passes through an eje facet of a given ommatidmm remains within 
that particular one Thus, in bnghl light the eje functions as a mosaic 
type with onlj the light entering an ommatidium finally stimulating the 
sensory elements of that ommatidium In darkness or in v ery low light 
mtensitj the pigmented sleeve is reduced m length and surrounds onlj the 
distal region of the dioptric apparatus of the eye This condition CHOW’S 
bght to pass abundantb from the refractive apparatus of one ommatid- 
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lura to other neighboring ommatidia In this condition the refractne 
bodies of several adjacent ommatidia may cooperate to bring more light 
to bear upon the sensory portion of a single one The small amount of 
light Tna> thus be used more efficiently In these roles the distal retinal 
pigment cells are supported by the activitj of the proximal retmal pig 
ment cells v.hich also contain melanin 

The proximal retmal pigment migrates nithin the retinula cells In 
bright light the pigment spreads throug^iout (,he rctinul i cells to form an 
elongated collar surrounding the central receptive rhabdomes, effectueh 
preventing the passage of light from one rhabdome to neighboring ones 
In maximally light adapted eyes, the distal retmal pigment together 
with the proximal may form almost a continuous sheath of pigment 
extending the whole length of the ommatidmm In darkness the proxi 
mal pigment migrates proximaliy even to a point beneath the basement 
membrane 

The third pigment is the white reflecting pigment, guanme, which 
comprises the tapetum of the eye This granular pigment in bright 
hght typically migrates proximaliy to a position beneath the basement 
membrane, while m very low light intensity or in darkness it moves 
distally to surround the rhabdomes, where it is believed to function to 
increase the stimulative efficiencj of the weak hght entering the eje bv 
reflectmg any light which strikes it back over the receptive elements 

The three pigments typically respond to hght intensity changes as 
have just been described but the responses are often complicated by the 
possession by the animal of a diumally rhythmic activity of the retinal 
pigments with one or more of the three pigments exhibiting, mdepend 
ently of light intensity changes, movements to the dark- and light 
adapted conditions during nighttime and daj'time, respective!) 
(15,78,79,145,147,148) 

B The Robe of Horjioxes 

Bemutt (13,14) was the first investigator to suggest that hormones 
might be involved in the control of the movements of letinal pigments 
BennxCi’s expenrnenCs coosisfed of sdrniufatmg one e^e of enistsceass of 
several species and observing the effect of this stimulation upon the 
contralateral eye maintained in darkness He noted that the shielded 
eye also tended to assume the light-adapted condition This removed 
the possibility of the retmal responses being exclusively that of mdepend 
ent effectors but did not permit nay decision as to whether the control 
was through nervous innervation or through blood borne hormones 
Bennitt favored the hormonal altemativ e in v lew of the apparent absence 
of any histological evidence of innervation of the active, distal retinal 
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pigment cells An endocnne interpretation -was supported by the 
observations of Welsh (146) that dark-adapted Palaemonetes subjected 
to bght for tventj minutes Mould rapidly commence retinal light adapta- 
tion through appropriate migrations of their pigments This change for 
the distal retinal pigment continued for many minutes after the animals 
Mere returned to darkness This fact appeared to find its most reason- 
able evplanation in terms of the continued activity of a light-adapting 
hormone which persisted m the blood for some time after the stimulus 
mducmg its discharge had ceased 

The first direct endcnce in support of a hormonal by pothesis of con 
trol of crustacean retinal pigments was provided by Ivleinholz (7G,77), 
nho noted that nhen aqueous extracts of cyestalks of light adapted 
Palaemonetes were injected into dark-adapted animals kept in darkness, 
the latter became hght-adapted with respect to their distal and reflecting 
retmal pigments (Fig 6) The proximal pigment shotted no response 
With doses contaming the equivalent of one to three e> cstalks, the rate of 
the hght adaptation ttas \ery similar to that normally induced by light 
Support for the assumption that the eyestalks contained the source of a 
hormone normally invoU ed m this role came m the obser\ stion that ey e- 
Btalks of dark-adapted specimens ttere significantly less effectiae Mus 
cle extracts, or physiological salt solutions by themselves, had no effect 
Injection of fully light-adapted Palaemonetes mth eyestalk extract pro- 
duced no changes The ey estalks of a number of other species of crusta 
ceans (Cancer, Libinia, Uca, Callmectes, and Carcmides), all brachymrans 
Mere extracted and these extracts assayed upon dark-adapted Pslae 
monetes m darkness All the extracts except those of Callmectes shotted 
strong hght-adaptmg activity on distal retinal pigment, Callmectes 
extracts gave only tteak responses 

The actiinty of eyestalk extract upon retinal pigment migration Mas 
confirmed by Welsh (151) iiorkmg upon Cambarus ^\elsh found that 
boiled extracts were fully effective, and that the response obtained upon 
injection of Cambarus eyestalk extract mto Cambarus \aried with the 
dosage With doses contaimng about one quarter of an eyestalk, only 
the distal retmal pigment responded, but inth doses equnalent to about 
two eyestalks both the distal and proximal pigments responded It will 
be recalled that Wemholz had found no response of the latter pigment of 
Palaemonetes to the injections of Palaemonetes eyestalk extract On 
the basis of his expenments Welsh believed that both of the pigment cell 
types ttere under control of a single hormone produced m the eyestalks 
with the ttt 0 pigments differing in their threshold of response Attempt^ 
to locate the specific source m the eyestalk of the principle involved led 
Welsh (153), still working on Cambarus, to find that the sinus gland w as 
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the most effective tissue Some activity was also found m the medulla 
terminalis but this he believed was due to residual sinus gland tissue or 
to hormonal material that had escaped from the gland The supra- 
esophageal ganglion showed no activity It thus appears that the 
crustacean sinus gland is the source of a principle which is at least partly 
responsible for the light adapted condition of the two, dark, retinal pig- 
ments of Cambarus, and, in all probability, also of the distal and reflecting 
pigments of Palaemonetes investigated by Klemholz (77) 

There is no evidence indicating that more than, one retinal pigment 
hormone is operative in the crustaceans There has been no suggestion 
m the literature that retinal pigments exhibit any degree of independence 
of activity with respect to one another In fact, there would appear to be 
no functional usefulness of such an mdependence 

Among the numerous crustaceans m which dmmally rhythmic retinal 
pigment movements m constant illumination have been desenbed, it is 
not possible to arrange any constant series of relative responsiveness of 
the three pigment types to a single hormone which would account for all 
the observations One may establish a hypothesis that the three pig 
ments of the eyes are controlled in each species by one hormone, each 
pigment showing its individual threshold of response to this hormone 
However, on the basis of this hy pothesis it w ould be necessary to assume 
that each species showed either its characteristic pigmentary response 
pattern to a single hormone common to all species, or that the retinal 
pigment hormone differs somewhat from species to species At present 
there is not sufficient evidence to permit us to choose between these alter 
natives Furthermore, the possibility of an action of a second, antag 
omstic hormone is not yet ruled out The problem is still further 
complicated by the strong suggestion that other factors than hormones 
operate in the control of retinal pigments Evidence for such other 
factors IS found in the responses of eyes deprived of circulation to changes 
m light intensity (13) the total or partial independence of the two eyes 
of an animal (13 14 42,111), and the differential response Cf the dorsal 
and ventral regions of a single retina to a black background (84) 

Ra'i'CiTrivi VtnA Vne r/ceerstsd ih’ythmjA mnve- 

ments of the retinal pigments of Cambarus was directly due to the 
periodic liberation of a sinus ^and hormone the gland being m turn 
supplied by an inhibitory nerve The latter view was supported by 
observations that depressants of nervous activity such as low tempera 
ture (153), oxygen deficiency (16) and anesthesia (13 146,153) give rise 
to the light-adapted condition 

At present relatively little is known of the properties of the retina 
pigment hormone (RPH) of the eyestalk Klemholz (77) considered that 
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the hormone ^\as probably identical with the chromatophorotropic one 
influencing the dark chromatophores of the bodv, with all the responses 
explainable m terms of different thresholds of the various pigmentary 
cells Hanstrom (GO) and Abramouitt (4) behe^ed that these two prin 
ciples could not be identical since the bodj chromatophores could assume 
any state regardless of whether the retinal pigment was in either the 
dark- or light-adapted state Klcinholz (80) adopted this same view 
after finding that it required approximately twenty times the dosage of 
ejestalk extract to render the eye light adapted as to lighten the bodies 
of shrimp, hence with a single hormone it would not be possible to account 
for the > ery commonly obsen cd phenomenon of a dark bodied shrimp 
with a light adapted retina Therefore it now «eems improbable that the 
retinal pigment hormone is identical with an 3 of those normallj responsi 
ble for the color changes within the animaU although there is the possi- 
bility the retinal pigment hormone may exert some influence upon 
chromatophores 

C General Sommarv 

The evidence at hand strongly su^csts that a sinus gland hormone, 
RPH, 18 normally cooperating w ith other factors in crustaceans to deter 
mine the state of the retmal pigments within the eye Final resolution 
of this question aw aits study of the effects of removal of the sinus glands 
without damage to the retinal elements The evidence at hand does not 
favor the possibility that such a hormone is identical with any of the 
principal ones normally controlling color changes of the body in the 
ammals 

V Hormones and Moltmg and Growth 
A The Molting Process 

The Crustacea comprise one of a number of animal groups whose 
bodies are encased m a relatively rigid external covenng and whose 
grow th IS dependent upon penodic casting off of the old skeleton and the 
formation of a new one Thus, such ammals grow discontinuously, the 
total grow th being restricted to very brief interv als immediately following 
the loss of the old skeleton (molt or ecdysis), w ith relatively long inter- 
venmg periods (mtermolt) in which no change m size can occur The 
molt proper in crustaceans is usually preceded by a premolt period in 
which calcium is resorbed from the exoskeleton and deposited in certain 
organs of the body, such as gastroliths in the wall of the stomach of the 
crayfish (72,96,123,130), or in the hepatopancreas (115 122) The pre- 
molt period is also a time of increase m w ater content of the body w hich 
reaches a maximum immediately following molt (11,46,108 115,122 130) 
The increase m size of the animal at the time of molt seems to result 
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almost exclusively from Rater uptake, whereupon the new skeleton la 
hardened by calcium salts contnbuted from the storage depots and from 
additional calcium absorbed directly from the external environment 
(67,83,102,115) There is a gradual increase in oxygen consumption m 
crayfish m premolt (128) 

The frequency with which normal animals molt varies with a number 
of factors, including age, food supply, and species Young crustaceans 
m their first jear of life usually molt many times Young crajfish have 
been found to molt every two weeks or so (136) Older specimens molt 
less frequently, the molt typically being a seasonal phenomenon Adult 
crayfish normally molt tmce a year, once in April or May, and a second 
time in July or August (130,142) 

11 Ihe Role op Hormones 

In the com ac of studies of the role of the eyes and the eyestalks in the 
control of color changes m crustaceans (see Section III, C above) several 
investigators observed that animals from which the e>estalks had been 
removed molted more frequently than normal ones (8,65,103) These 
observations were capable of interpretation in any one of three wajs 
First, operative injury by itself might accelerate molts Darby (45) 
reported accelerated molting m injured Cfongon armtllalus Secondly, 
it was possible that nerve centers m the e>estalk controlbng molt were 
being removed bj the operation Thirdly, it was possible that the eje- 
stalks contained the source of a molt-mhibiting hormone 

Brown and Cunningham in 1939 (31) reported that adult Cambarus 
approaching the spring molt molted significantly sooner m those speci 
mens from which the eyestalks had been removed than in the normal 
ones Removal of a single eyestalk also resulted in an earlier molt, but 
less significantly so Eywtalklcss animals into which sinus glands were 
implanted into the ventral abdominal sinus showed their molt retarded 
even beyond the time seen for normal animals Finallj, implants of 
eyestalk tissue from which the smus glands had been carefully removed 
showed no significant modification of the time of molt These investi 
gators concluded that molt acceleration m B>esta\kless anwnafe was a 
result of the removal of the sinus glands which normally produced a molt- 
mhibitmg hormone 

The follow mg year Smith (136) working upon very young specimens of 
another species of Cambarus confirmed the molt-acceleratmg effect o 
eyestalk removal He noted that the intennolt period m young anima s 
was normally about twelve dajs, but that after removal of the ejestato 
this interval w as shortened to approximately eight days Smith rule 
out the possibibt> that operative injury alone was responsible for t e 
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shortened intermolt periods by discovenng that Animals subjected to a 
more severe operation, namely retina removal, actually shoved a 
lengthened intermolt period of about fourteen days Abramowitz and 
Abramomtz (10) and Kleinholz and Bourquin (82) demonstrated acceler- 
ated onset of the first molt and shortened intermolt periods for the fiddler 
crab, Uca None of the later workers followed up their eyestalk removal 
experiments w ith experiments involving eyestalk tissue or sinus gland 
replacement, therefore contributing no evidence to differentiate between 
a hormonal and nervous interpretation of their results Smith, and 
Abramowitz and Abramowitz, favored an interpretation in terms of an 
eyestalk-onginatinghormone whose action was to inhibit molt, Kleinholz 



Fio 7 — Curve B shon s rate of gastrolith formation following eyestalk removal jn 
Camborue immunti Curve A shows inhibition of gastrolith formation m eyestalkless 
specimens following weekly sinus gland implants (From Scudamore, 130 ) 

and Bourquin tended to favor an interpretation in terms of a nervous 
center removal 

The hormonal interpretation of the relation of eyestalks to molting 
was given decisive support by a study of the relation of the eyestalks and 
sinus glands to gastrolith deposition m the wall of the crayfish stomach by 
Kyer (96) and Scudamore (130) These investigators independently 
discovered that gastrolith formaticm could be induced very effectively by 
removal of the eyestalks (Fig 7) Removal of the sinus glands by them- 
selves also resulted in gastrolith formation (23) Both Kyer and Scuda 
more found that gastrohths had already commenced to form withm 24 
hours following eyestalk amputation These bodies increased in size, 
first relatively slowly, then after eight to ten days at a rapidly accelerating 
rate, terminated by molt usually between fifteen and twenty days follow 
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ing the operation The formation of gastroliths could be entirely pre- 
vented by periodic implants of smus glands into the abdominal region of 
the eyestalkless animals No other tissue of the eyestalk showed any 
significant inhibition of gaatrohth formation Scudamore found that 
sinus gland implants remained active in inhibiting gastrolith formation 
and molt for about a week Each molt was followed directly by another 
premolt period, contrary to the case m normal animals 

Very strong support for a normal molt control function of the sinus 
gland was presented by Pyle (120), who described both acidophilic and 
basophilic inclusions within the cells of the sinus gland There was 
found to be a cyclic change in relative abundance of the two types of 
inclusions in Cambarus which corresponded with the molt cycle In the 
premolt period there was a preponderance of the acidophilic substance, 
m the immediate postmolt period, basophilic material was predominant 

The changes induced ui Cambarus by eyestalk removal resembled very 
closely the changes observed m a normal premolt period In addition 
to the formation, of gastroliths there was simultaneously a gradual uptake 
of water and an increase m Oj consumption during the period between 
the operation and the actual molt, and these changes were also either 
greatly reduced or abolished asa result of abdominal, sinus gland implants 
(130) It therefore seemed reasonable to suppose that all these changes 
were simply part of a total molting mechanism which was inhibited by a 
single sinus gland hormone Another process proceeding dunng the pre- 
molt period IS the resorption of inorganic salts from the old exoskeleton 
Koller (92), working on the mechanism of action of eyestalk hormone on 
Crago dark chromatophores, was led to suspect that its action involved 
calcium ions He made the observation that the exuvia of eyestalkless 
shrimp contained less inorganic material soluble m HCl than those of 
normal shrimp This observation was confirmed by Plankemann (118) 
working upon crayfish, but denied by Kleinhols and Bourqum (83) for 
Palaemonetes These observations of Koller and of Plankemann do not 
necessarily require for their interpretation any other hormone than a 
molt inhibiting one At the time of their work there was no good evi- 
dence of a molt control factor from the eyestalk The total absence of 
the sinus glands following eyestalk amputation might well result m more 
complete reduction m skeletal morganic material than that seen in a 
normal suppression of gland activity typically associated with the 
molt 

Assuming that the influence of the eyestalk upon the inorganic sa 
content of cast exoskeletons is the result of vanations m quantity ® 
molt inhibitor, Roller’s (92) work gives us some reason to suspect t a 
the molting hormone is not identical with the eyestalk principle conceme 
with control of the dark chromatophores He could observe no signm 
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cant difference m the calcium contents of the exuvia from ammals kept 
on black backgrounds, and on vihtte ones 

Growth IS normally associated \nth molt m crustaceans Se\eral 
investigators ha^e observed that cyestalkless specimens become larger 
than normal ones Abramowita and Abramomtz (10) noted some rela- 
tuelj huge specimens among their e>estalLless Uca sumnng at the end 
of a 48-day experiment They were inclined to interpret this m terms 
of the induction of additional molts Smith (13B) noted that eyestalkless 
young Cambarus ate a great deal and became larger than normal speci- 
mens m the same age group, which also had molted less frequently 
Scudamore (130) working upon adult Cambarus confirmed the larger 
food consumption in eyestalkle*® forms and noted that thirteen crayfish 
induced to molt m winter bj ejestalk removal showed a greater average 
increment of carapace length (5 61 ± 0 17%) than thirteen specimens m 
their normal spring molt (I SO + 0 77%), and concluded that the molt 
inhibitor was also a growth retarding principle It is known however, 
that the increment of growth at molt is sigmficantly different for the two 
normal molts of crayfish each jear and probably this difference is related 
to the nutritional state of the animal, which may well abo differ from 
winter to spring 

There is some suggestion that other factors, perhaps involving an 
antagonistic hormone, operate m molt control within crayfish Scuda- 
more described the gastrohth as a laminated structure The number of 
layers comprising it agreed with the number of days elapsing following 
ejestalk removal Further aaolj'sis indicated that there was a diurnal 
rhj thm m the deposition of matenal m the gastrohth, with activity pro- 
ceeding principally at night Scudamore found that strong stimulation 
of the stubs of the eyestalks or injection of bram extract, in an eyestalk 
less animal resulted in a period of elevated Ox consumption in the animal 
It therefore appears possible that a hormone from anterior central nervous 
organs might operate in acceleration of the molting process 

It has been known for some years that female crustaceans carrying 
eggs upon their pleopods do not molt in the spring at the time the males 
do, but postpone their molt until after the young are liberated This 
phenomenon has been studied by Hess (68) for Crangon Scudamore 
(130) has found that egg bearmg female crayfish can be induced to 
molt by eyestalk remov al just as readily as can males, thus showing that 
this normal postponement of molting, so essential to survival of the 
species, 13 a function of the sinus gland 

C Genekai, Somuary 

The crustacean smus gland produces a hormone whose action is that 
of a molt inhibitor In the absence of the raolt-inlubitiog hormone 
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(MIH) molting uill occur after an iQter\ftl which appears to be charac- 
teristic for each species, other factors equal, and the animals will pass 
from one premolt period directly to another one without an> significant 
mtermolt period such as is the case with normal animals There is also 
some suggestion that a second hormone, not from the eyestalks, cooper 
ates in molt control 

VI. Hormones and Other Activities 
A Viability 

The eyestalks appear essential for the continued life of certain crusta- 
ceans Brown (23) reported that whereas unilateral eyestalk removal 
from Cambarus had no effect upon the survival of the ammal, bilateral 
extirpation resulted in a \ery significant shortening of the life, but that 
this latter could be extended to a small but significant degree by implants 
of general ejestalk tissue These results were confirmed and extended 
by Brown and Cunningham (31), who found that the average period of 
survival of ey estalkless crayfish could be extended from approximately 
one w eek to nearly three w eeks by implantation of sinus glands by them- 
selves, but that implantations of the remainder of the eyestalk tissue 
were less than half as effective These investigators concluded that a 
hormone produced in the sinus gland was essential to normal viability 
This work was confirmed bj Brown (25) using the shrimp, Palaemonetes, 
and obtaining sinus glands for implantation from the crab, Carcinides, 
indicating that the principle m\oIved was widespread among crustaceans 
and relatuclj nonspecific 

This Mability effect was seen m young crayfish bj Smith (136), who 
found an average suriival time of about two and a half iveeks after 
remoxal of the ejestalks It was also found m Uca pu^tlaior by Abramo- 
Witz and Abramowitz (10), who found that about 89 % of their ej estalkless 
animals died during a 48-da> experiment, dunng the same period only 
16 6% of the control animals died Kleinholz and Bourquin (82), also 
using Uca, failed to confirm the latter work and denied that the presence 
oi “Aie ej esta'i’KS favored survavaS Scudamore (1^), ■woitmg 
Cambarus during a ncmmolling season, found that eyestalkless animals 
survived for an average of seventeen days, or about the extent of a typical 
premolt period while simitar eyestalkless specimens, given a sinus glanu 
implant about twice a week, survived an aierage of more than 38 days 

All investigators who have noted a decreased viability foHonmg 
bilateral eyestalk extirpation have also noted that the great majonty of 
deaths occur either during the actual molting process, or approximatdy 
at a time when a molt following ^nstalk removal would be expected 
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This might lead one to believ e that there is some actual causal connection 
between the death of an animal and an inability to escape from its old 
exwkeleton The life-prolonging action of sinus gland implants might 
then be interpreted in terms of postponement of this critical operation 
This explanation, however, obviously cannot be the whole one since, 
under otherwise entirely similar conditions, a large fraction of the normal 
ammals 6urvi\e molt, while a large fraction of the eyestalkless An i m a l^ 
fail to do so Of the small fraction of the eyestalkless animals surviving 
one molt, only a few of these survive a second, and practically none get 
through a third In short, the evidence at hand clearly indicates that 
eyestalkless ammals are less able to carry out a successful molt than are 
normal ones Even with frequent sinus gland implants inhibiting molt- 
ing phenomena crajfiah appear to survive an average of only about six 
weeks (130) It is quite possible, however, that the immediate cause of 
the deaths is a mechanical one associated with the molt proper, wnth the 
repetitive molting, following eyestaik removal, subjecting the animal to a 
senes of v ery rigorous tests Animals becoming progressively weakened 
as a result of a second deficiency would conceivably become progressively 
less able to undergo succeeding molts The viability factor may not be a 
product of the sinus glands but may be a product of the X-organs of the 
eyestaik desenbed b> Hanstrom (see p 172 and references cited there) 
and for which no function has as >et been determined, or the effect may 
even be due to loss of an essential nerve center in the eyestaik 

B Heart Rate 

Welsh (149) observed that, when hearts of Cambarus were exposed, a 
significant acceleration of the heart rate could be observed following 
perfusion of the heart with eyestaik extract from the same species or from 
Palaemonetes The same investigator (152) noted that an injection of 
eyestaik extract into Leander both accelerated the heart beat and con- 
centrated the red pigment of the body An alcohol extract of eyestalks, 
however, concentrated the red pigment but had no action on the heart, 
therefore Welsh concluded that two different principles were involved and 
believed the factor accelerating heart beat was acetylcholine Acetyl- 
choline appears to have no significant action on the red pigment Scuda- 
more (129) working on the closely allied shrimp, Palaemonetes, noted an 
extraordinanly close inverse correlation between the degree of dispersion 
of the red pigment and the frequency of heart beat in the animal This 
correlation obtained irrespective of whether the red chromatophores were 
responding to color of background, to light and darkness, or to injections 
of eyestaik extracts Furthermore, an alcohol extract of sinus glands of 
Carcmides was as effective as a sea water extract Scudamore concluded 
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that the chromatophorotropic principle influencing Palaemonetes red 
pigment (PLH) was also a heart accelerating one 

C Blood Suoar 

Abraraovatz, Hisaw, and Fapandrea (9) have reported that a powerful 
diabetogemc factor was present in the eyestalks of Uca and Callinectes 
Injection of extracts containing the equivalent of one Uca eyestalk into 
Callinectes resulted in a transitory elevation of blood sugar level from 
20 mg % to a high point of about 80 mg % With smaller doses less 
elevation was seen Practically all the activity of the eyestalks was 
found to reside in the sinus glands The extracts could be boiled for 
several minutes wnthout perceptible loss or gam in activity Eyestalk 
removal did not result m a hypoglycemia as one might expect were the 
sinus glands normally of great importance in this capacity 

D Locomotor Activities 

There have been numerous observations of a diurnal rhythm in 
locomotor, as well as other, activities of animab This subject has been 
reviewed by Welsh (150) and Park (110) Attention has recently been 
called to a correlation, observed by earlier workers, between the state of 
certain chromatophores and locomotor activity, and suggestion has been 
advanced that the diurnal rhythms m activity which continue under 
constant environmental conditions might be the result of a diumally 
rhythmic secretion of a hormone or hormones 

Kalmus (73), Roberts (121), and Schallek (126) have reported a loss of 
the diurnal rhythm in locomotor activity of crayfish following eyestalk 
removal but these three investigators differed greatly in the analysis of 
their results Kalmus found that aqueous or alcohol extracts of eye- 
stalks injected into eyestalkless crayfish, Potamobius resulted in greatly 
increased locomotor activity for several hours Roberts found, on the 
contrary, decreased activity following injection of eyestalk extract into 
eyestalkless Cambarus Schallek found no influence of either sinus gland 
extracts or implants in Cambarus, and, since severing the optic nerves 
appeared to result in the same long-lasting increase in locomotory activity 
as eyestalk amputation, Schallek concluded that eyestalks contained an 
inhibitory nervous center for locomotory activity 

In brief, there seems to be no clear picture at present as to what role, 
if any, hormones play in inSuencmg the amount of general locomotor 
activity 

E Ovarian Dewblopment 

The sinus gland of the shnmp, Leander serraltis, has recently been 
shown by Panouse (109a, 109b) to possess a pnnciple which mhibita t e 
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development of the o^ anes m this species Removal of the eyestalks in 
a nonbreeding season (September and October) is followed by a rapid 
increase in weight of the o\ anes (Fig 8), the latter increasing more than 
seventyfold in a month and a half while unopcrated controls show almost 
no increase (I09a) Removal of the sinus glands by themselves produces 
a similar t^’pe of response though not quite as marked probably due to 



Fig 8 — Relation between the ratio Tength (days) forLeander 

in a nonbreeding season A, ejeatalkleas B sinus glandless hi\, Normal controls G, 
eyestalkless shrimp with a sinus gland implant (Redraxm from Panouse, 109b ) 

the difficulty of removing the glands in their entiretj Eyestalkless speci- 
mens often even ov ulate, producing apparently normal, but unseasonable, 
eggs at the end of the period of ovarian enlaigement When, however, 
smus glands are implanted at eight-day intervals, into the abdomens of 
eyestalkless specimens the ovanan development is irihiDited (lU9b'l, fiie 
ovaries sbow^ng even le«s size increase than in unoperated controls 
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I. Introduction 

The alimentary tract as an endocrine organ manifests certain features 
which are unlike those of the other glands of internal secretion No 
special cell groups have ever been identified as the source of the several 
autacoids whose existence has been established, yet the intestinal mucosa 
vies with the hypophysis m the number and diversity of physiologically 
actn e substances produced These are essentiallj devoid of any sys 
temic action on the organism, affecting in general only the organs con- 
cerned w^th digestion Their elaboration into the blood stream is 
brought about by the ingestion of food, and can be artificially induced by 
the introduction into the alimentary canal of a variety of nonspecific 
agents In general, they act promptly and their effects are relatively 
short lived 

The part played by the gastrointestinal hormones m vital processes is 
apparently that of regulation and coordination of the activities of the 
digestive glands, a role which they share with the autonomic nervous 
system To what extent their actions can be dispensed with is a question 
which at present is entire!) conjectural, since they are produced through- 
out the entire length of the small intestine, the effects of extirpation can 
be obtained only by performing a complete enterectomy, a procedure 
which in itself engenders nutritional defects so severe as to echpse any 
manifestations which might be referable to the loss of hormones 

It is of mterest that the first substance to be characterized as a hor- 
mone was one of the group produced by the small intestine, and that the 
chemical make-up of none of them is at present known In general, the 
concentration and separation of the \anous active principles have been 
beset with difficulties, both in regard to separation from extraneous sub- 
stances and to an apparent inherent sensitivity to v anous procedures and 
chemical agents This resistance to investigation is also manifested by 
the hormones of the anterior lobe of the hypophjsis, and, as in the case 
of the hypophysis, the gastrointestinal hormones are proteins or nitro- 
genous substances Apparently this is characteristic of all endocrine 
tissues derived from ectoderm or endoderm, whereas the hormones pro- 
duced by tissues of mesodermal ongm are sterones 
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In the detailed discussion Rhich foUoivs, the hormones of the alimen- 
tary tract %vill be grouped according to their sites of elaboration, and con- 
sidered individually regarding their discovery, action, concentration, and 
practical applications 

II The Upper Intestine 

Four active principles have been proven conclusively to be elaborated 
into the blood stream by the intestinal mucosa, five more have been 
postulated, but conclusive evidence for their existence is at present lack- 
ing Their concentration is the highest m the upper intestine, and it 
steadily decreases from the jejunum on downward 

A Secretin 
1 Demonstration 

The first indication that substances m the intestine \iere effective in 
stimulating the external secretion of the pancreas was obtained by Claude 
Bernard (14), who observed the increased secretion from a pancreatic 
fistula after feeding He and subsequent investigators attributed this 
effect to a nervous reflex mechanism The existence of a stimulus more 
specific than food was demonstrated in Pavlov's laboratory Bekker 
(13) made comparative studies there of the effect of pure water, of aque- 
ous solutions of alkaline salts, and of water saturated with carbon dioxide, 
and found that nater was a weak stimulant, that weak alkah not only 
failed to stimulate but actually inhibited, and that the carbomc acid 
solution was a much more potent stimulator than water Subsequently 
Dolinski (58) used hydrochloric instead of carbonic acid, and noted that 
m concentrations approximating that of the gastric juice it was a power- 
fully effective excitant of pancreatic flow Popielski (2G4) demonstrated 
that the action was not due to absorption of the dilute acid, since no 
secretion was obtained when acid was placed in the stomach or rectum, 
and excluded from entry into the small intestine, nor was any secretion 
obtained when dilute acid was injected intrai enously He also (265) 
excluded the possibility that long reflex arcs w ere operative, since the acid 
effect persisted following bilateral vagotomy, bilateral splanchnectomy, 
cehac ganglionectomy, and spinal cord transection, and he attributed the 
effect to a short reflex involving the scattered gangha of the pancreas, 
located principally in the region of the duodenum This interpretation 
was accepted and extended by Wertheimer and LePage (348), who noted 
that the response progressively diminished from the duodenum down 
ward m the intestine, and concluded that the nervous reflex was local in 
nature Sigmficantly, they also tested the effectiveness of atropine in 
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abolishing the secretory response, and observed that it did not do so 
These intimations that factors other than a nervous reflex were operative 
were given added impetus by the experiments of Wertheimer and LePage 
(349), in which the pancreatic arterial supply of one dog was joined to the 
general circulation of another When dilute acid was applied to the 
duodenum of the latter, the other di^'s pancreas was activated 

In this manner the foundation was laid for the momentous demon- 
stration of Bayliss and Starling (11) that the agent involved in stimulat- 
ing the pancreas was a specific substance present m the intestinal mucosa, 
delivered to the blood stream by the presence of acid, and thereby trans- 
ported to the pancreas, where it exerted its secretory effect They 
showed this to be the case on the basis of a series of experiments in which 
they excluded as completely as possible all reflex effects by sectiomng all 
the mesenteric nerves to a loop of jejunum and obtaining a pancreatic 
secretory response after the perfusion of such a loop with acid, despite 
the denervation , and more convincingly by stripping off the mucosa from 
such a loop, macerating this with dilute hydrochloric acid, and injecting 
the neutralized and filtered extract intravenously The result of their 
experiment has long been common knowledge The extract thus admin- 
istered stimulated an abundant flow of pancreatic juice, which they cor- 
rectly ascribed to the presence of an agent named by them "secretin,” 
and charactenzed as one of a group of substances designated by them as 
hormones The specificity of this particular agent was substantiated by 
their finding that acid extracts of tissues other than the intestinal mucosa 
failed in effectiveness 

The Bayliss and Starling discov ery provided a tremendous stimulus to 
further studies Additional evidence of the existence of a blood borne 
agent was secured by Enriquez and Hallion (71), who transfused blood 
from a dog with an acid instilled duodenum, by Fleig (88), who injected 
the venous drainage from the acid-mstilled duodenum of a dog, and by 
Matsuo (234) who prepared dogs m carotid-to jugular cross-circulation 
All of these workers found that application of acid to the upper intestine 
of the donor dog resulted m a secretory response from the pancreas of the 
recipient Nevertheless, general acceptance of the secretin theory did 
not obtain for a number of years Fopielski, the chief proponent of the 
nervou‘?-reflex hypothesis which his own efforts did so much to discredit, 
believed that all of these phenomena could be accounted for along more 
conservative lines He asserted (266-271) that the effect of acid in the 
denervated loop was still reflex, on the basis of mechanical influences 
acting on the remaimng intact intestine and stomach, and that the effect 
of the intravenously injected extract was nonspecific and attributable to 
the presence of vasodilator substances present m all tissue extracts At 
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the time, the latter argument was not without merit, since the Bayliss 
and Starling extract contained a large amount of ■vasodilator material 
Popielski showed that extracts from various animal tissues, and also from 
plants, would cause the pancreas to secrete The effects of blood trans- 
fusion experiments he did not consider due to a specific agent, stating 
that under any circumstances the transfusion of blood from one dog to 
another induced a secretion of the recipient’s pancreas not infrequently 

The controversy was conclusively settled by subsequent decisive 
experiments, designed along two lines The first of these was the elimi- 
nation of all possible existing connections through the nervous system 
This was accomplished by Ivy and rarrell (78 78,156-158), who prepared 
dogs with a subcutaneously transplanted portion of the pancreas which 
secreted after feeding or after application of acid to a Thiry loop, by 
Ivy, Farrell, and Lueth (1C5), who transplanted both a loop of jejunum 
and a portion of the pancreas, and obtained a secretory response to the 
acid stimulus applied to the transplanted loop, and by Houssay and 
Mollmelh (149), who anastomosed an isolated pancreas and duodenum to 
the vascular sj’stem of an intact dog and obtained a secretion of both 
pancreases in response to the presence of acid m the isolated duodenum 
These experiments may be regarded as crucial m their demonstration of 
the exclusion of nervous reflex influences The second hne of investiga- 
tion to establish tlie secretin theory was to prepare concentrates free of 
vasodilators, and to isolate the active principle iti a chemicalb pure form 
The consummation of this, which will be treated m detail in the discussion 
of methods of concentration and isolation which follows, served to 
establish as a fact the existence of a hormone mechanism for pancreatic 
secretion, as well as the specificity of the site of its elaboration Thus it 
was shown by Drewyer and Ivy (65) that vasodilatin free extracts of 
various animal tissues were effective only when the tissue extracted was 
the small intestine (with the exception of the pyloric antrum of the 
stomach, which yielded a small amount) 

The steps in the logical proof of a hormone mechanism for the stimu- 
lation of pancreatic secretion, as set forth by Bayhss and Starling follow 

(1) Acid placed m the upper intestine stirauletes pancreatic secretion 

(2) Acid injected intravenously does not do so 

(3) The effect of acid instillation persists after denervation 

(4) Stimulation is obtained in response to intravenous injection of 
an acid extract of the upper inte«tinal mucosa 

The confirmatory evidence derived from subsequent work is based on 
the following findings 

(5) Secretion is obtained from a transplanted pancreas following 
instillation of acid into a transplanted loop of intestine 
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(6) Acid placed m the duodenum of one of a cross-circulated pair of 
dogs uill stimulate the pancreases of both animals 

(7) The hormone has been isolated m the form of a chemically pure 
crystalline substance 

These lines of reasomng have served as the prototype in the process of 
demonstration of the existence of all the other proved gastrointestinal 
hormones 


2 Occurrence 

Bayliss and Starling (11) extracted the upper intestine of a number of 
\ertebrates, and were m all instances able to obtain secretin, with no 
eiidence of species specificity It has also been found present by Hallion 
and Lequeaux (134) in autopsy material from two newborn infants who 
had never ingested food, by Camus (28) m fetal guinea pigs and rabbits, 
and by Pringle (278) m fetal cats, indicating that the cells responsible for 
its formation develop with the intestine during intrauterine life 

The fact that sigmficant amounts of secretin are obtained only after 
acid extraction of the intestinal mucosa, and that its normal process of 
liberation into the blood stream is dependent on the presence of food or 
acid in the duodenum, led Bayliss and Starling to postulate that in the 
intestinal mucosa it exists as prosecretin, activated by acid to secretin, 
which 18 then absorbed It was early shown, however, that acid m the 
intestine is not a specific stimulus A variety of substances have been 
found effective, either when instilled m the gut or when employed as 
extracting agents These include saline solution (Delezenne and 
Pozerski, 48), chloral hydrate (Fallois, 75), soap, alcohol (Fleig, 87), 
sugar, urea, glycerol (Frouin and Lalou, 104), dilute alkalis, and phosphate 
buffers (Mellanby and St Huggett, 243) In addition, and most con- 
vincingly, it w as obser\ ed by Wertheimer and Boulet (347) that the juice 
pressed from intestinal mucosa without any pretreatment is effective 
when injected intravenously Undoubtedly therefore the hormone is 
present as such m the cells of intestinal mucosa, and is merely rendered 
soluble and absorbable by acid or, to a lesser extent, by the other reagents 
meDtioned above 


3 Coneeniraiton and Isolation 

So numerous have been the attempts to obtain secretm m a chemi- 
cally pure form that it is not expedient to enumerate them all Hence the 
following discussion will be limited to those contributions representing 
distinct advances m the preparation of potent concentrates The onginal 
Bayliss and Starling extract was prepared as mdicated above, and sub- 
sequent efforts w ere directed toward securing concentrates free of con 
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tammants, especially \ asodilator substances The procedure as modified 
by Wertheimer and LePage (349), who introduced dilute acid into the 
lumen of the intestme, remo\ ed it after an interval, and found the con- 
centration of \ asodilatm to be considerablj reduced Dale and Laidlaw 
(44) found the activity was precipilable from an acid extract of mucosa 
bj the addition of mercuric chloride, could be eluted therefrom by pre- 
cipitation of the mercury ivith a stream of hydrogen sulfide, and the 
activity separated from the resultmg aqueous solution by concentration 
to a small \ olume and the addition of an excess of acetone This product 
lent itself to further purification by conversion to an insoluble picrate, 
subsequcntlj decomposed with acidified alcohol Stepp (316,317) 
obtained a product which at the time was highly satisfactory by extract 
ing acetone-dehj drated mucosa with 70% alcohol, removal of impurities 
from the extract by raising the alcohol concentration to 95%, and pre- 
cipitation of the activity with ether from the 95% alcohol-soluble portion 
Weav er, Luckhardt, and Koch (345) showed that the major portion of the 
vasodilator substances could be removed b> making an extract according 
to the procedure of Wertheimer and LePage and saturating this with 
salt The resulting flocculent precipitate was potent and of low 
toxicity The importance of this contnbution can hardly be over- 
emphasized, it provided a process which was feasible for the prepara- 
tion of large quantities of matcnal, and a product which served as an 
excellent starting pomt for further treatment Mellanby (238,239,241) 
obtained a potent concentrate by extraction of ground muco«:a vnth 
absolute alcohol, conversion of the alcoholic to an aqueous extract by 
distillation with addition of water, and treatment with an aqueous solu- 
tion of bile salt followed by weak acetic acid, which caused bile acids to 
be precipitated, in which process the secretin accompanied it in the 
adsorbed state Elution of the activity wras accomplished bj dissolving 
the precipitate in alcohol and then addmg acetone and ether He found 
the product of this treatment to be considerably more potent than any 
concentrate previously characterized, and behev ed at the time that he had 
isolated the pure hormone In this he erred, and his method was criti- 
cized by Mortimer and Ivy (249) and byStiU(318),who found it definitely 
less effective than was intimated Takacs (324,326) reported obtammg 
a highly potent extract by ultrafiltration of the regenerated solution from 
a picric acid precipitate of mucosal extract Hommarsten, WUander, 
and Agren (136) precipitated the activity from a Dale-and Laidlaw 
extract by addmg alcohol to a concentration of 95%, dissolving the 
resultmg precipitate m a little water, and shaking with chloroform The 
activity was found to be concentrated m the emulsion formed at the 
water-chloroform mterface, which matenal was collected, dried, and 
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further concentrated by mixing with lecithin, in a«iSociation Mith which 
it was soluble m absolute alcohol The activity was precipitated from 
such a solution with an excess of acetone 

In all of the investigations cited above, based principally on tnal-and- 
error procedures, only two really significant contributions can be desig- 
nated The first of these was the original Bayhss and Starling extraction , 
the second, the extraction and salt precipitation procedures of Weaver, 
Luckhardt, and Koch The third was supplied by Ivy, Kloster, Dreivj er, 
and Lueth (160), who extracted this salt precipitate, designated by them 
as “A precipitate,” with 70% alcohol, removed the alcohol by evapora- 
tion, and precipitated the activity by the addition of trichloroacetic acid 
to a concentration of 5% Ihe resulting precipitate, collected and dried, 
designated as “SI,” was highly potent and free of all vasodilator con- 
taminants In addition, it had the great advantage of being uniformly 
reproducible and thus served as a standard for comparison in the assay 
of unknown preparations, as well as a basis for expenmentation on further 
purification Still (318) found that the activity of such a concentrate 
could be enhanced by solution m 90% alcohol and precipitation of 
impurities with brucine and pyndme This procedure was not recom- 
mended by Cunningham (42), who found it inefficient and wasteful as 
compared to his own process of alcohol extraction of the tnchloroacetio 
acid precipitate followed by acetone-ether precipitation and picnc acid 
fractionation 

The isolation of secretin in the form of a crystalhne compound was 
accomplished independently by two groups of investigators Ham- 
marsten and collaborators (135) subjected a Dale and LaidJaw extract 
to further refinement with picnc acid, and electrodialyzed the picrate- 
free aqueous solution obtamed by appropriate treatment, using a 
continuous flow of distilled water through the cathode compartment, and 
collecting the efflux m an aqueous suspension of salicylic acid The 
resulting secretin salicylate was converted into a number of other salts, 
including the picrolonate, which, it transpired, was crystalline Greengard 
and Ivy (123) fractionated SI by dissolving m acidified 80% acetone, 
and adding aniline to the point of complete precipitation The super- 
natant fluid was found to contam the secretin, it was freed from acetone 
and aniline by vacuum distillatum, evaporated to dryness, the residue 
suspended m methyl alcohol, the suspension separated from any insoluble 
matenal, and the activity precipitated with an excess of ether The 
product, about five times as potent as SI, was dissolved m water, the 
solution extracted with «-butyl alcohol, the dissolved butyl alcohol 
remoi ed by vacuum distillation, and picrolomc acid added to the po nt 
of complete precipitation The resultmg insoluble picrolonate was found 
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to be crj’staUme and, hke the Hammarsten product, recrjstalhzable by 
solution m pyridine, filtration, and precipitation vith an excess of ether 
From the crjstalline picrolonate any other salt could be prepared by 
suspending it in aater, adding the appropriate acid, and extracting aith 
ether The free base i\as prepared b> decomposition of the picrolonate 
VTth dilute sulfuric acid, remox al of picrolonic acid, and exact neutraliza- 
tion with barium hjdroxide None of these compounds a as obtainable 
m crystallme form Doubilet (59) obtained confirmation of the purity 
and potency of secretin picrolonate prepared by this method 

4 Biological Assay 

Most early workers determined the biological actinty of their secretin 
concentrates bj the logical procedure of observmg the acceleration in rate 
of flow of juice from a cannula inserted in the pancreatic duct The 
importance of securing more nearly quantitative data and of excluding 
the possibility of variations in individual animals was recognized b> 
Carlson (30), who recommended having at hand a standard preparation 
of known potency for purposes of comparison A unit for potency nas 
assigned bj Ivy, IClostcr, Lueth, and Drewjcr (161), who introduced the 
term “threshold dose" to designate that amount of secTcUn which caused 
an increase m pancreatic flow of 10 drops (0 4 ml ) m a 10 minute period 
over that occumog m a control 10 minute period The procedure of 
assay as emplojed by Grecngard and Ivy (123) consisted of determinmg 
the response to a standard SI preparation, the threshold dose of nhich is 
about 0 25 mg m most dogs, and ascertaining that quantity of unknown 
vshich elicited the same quantity of secretion as a given weight of stand 
ard The threshold dose of the unknown may then be determined by 
calculating the ratio of the n eight of the unknown to that of the standard 
and multiplj mg by 0 25 A record of the blood pressure of the animal 
IS essential for the v alidity of an assay, to exclude the complicating factor 
of the possible presence of vasodilator material The Hammarsten 
group (352) employed a procedure in nbich a piece of rolled up filter 
paper was placed in the exposed and opened duodenum of a urethanizcd 
cat, on which mixed secretions were collected and the alkalinity was 
titrated The number of “units" in the preparation injected was 
expressed as the number of tenths of a ml of 0 1 jH acid required to neu- 
tralize it to methyl red Naturally, pancreatic juice does not represent 
the sole contributor to the alkalinity of such samples, but there exist more 
fundamental defects which mil become apparent in the discussion which 
follows Determinations of the relative magnitude of the Ivy unit and 
the Hammarsten unit were made by Greengard and Ivy (123), who per- 
formed the titrations on cat pancreatic juice obtained by direct cannula 
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tion of the duct Tbej found one Ivj threshold dose to be equnalent 
to about t\\ent> Hammarsten cat umts 

5 Pnrperhes 

a Physical Properties The less highly purified secretin concentrates 
are in the form of an amorphous po\i der, more or less discolored, sparmglj 
•'Oluble in water, insoluble in organic solvents, and with an enhanced 
•solubilitj in dilute acid or alkali Protem free concentrates are freelj 
soluble m water The aetne principle was shown to be dialj sable by the 
ultrafiltration procedure of Takacs (326) and the electrodialysis studies 
of Hammarsten (135) Secretin is readilj adsorbed to a great \ anety of 



Fig 1 — Secretm picrolonate, recrjstaUized from p>Tidme (From Greengard and 
Ivy, 123) 

insoluble substances Such adsorbates ate \erj stable, and elution is m 
general effected onij by decomposition or solution of the adsorbmg agent 
The crj staUine secretm picrolonate obtamed by Hammarsten had the 
appearance of jellow needles after pjTidme-ether recrjstallization An 
amorphous phosphate obtained from this compound manifested a mole- 
cular weight of about 5000 according to the ultracentnfuge method 
The Greengard and Ivj picrolonate presented the microscopical appear 
ance of clusters of yellow needles (Fig 1), meltmg with decomposition at 
234'’-235®C The molecular weight of this material is beheved to be of a 

relatively low order, presumptively this is evidenced by the ready diffusi- 
bibty of the matenal, and more positively by preliminary data of actual 
determmations made by the freezing pomt and diffusion constant 
technique 
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6 Chemical Properties Descnptions and analytical data on impure 
preparations may be entirelj discounted, since they serve only to charac- 
terize the impurities present in much lai^er amounts than the active 
principle The compound la undoubted!} basic, since it is so readily 
amenaWe to acid extraction from its source, since it migrates to the 
cathode compartment on electrodialysis, and since it readily forms 
insoluble salts unth picric acid and phosphotungstic acid It is a very 
imstable compound in solution, particular!} at a pH greater than 3 0, and 
the decomposition is accelerated as the alkalinit} is increased In solu- 
tion it IS also thermolabile, in acid solution it will withstand boiling for a 
few minutes, but in a neutral or alkalme medium it deteriorates rapidly, 
and autoclaAing at higher temperatures engenders prompt mactivation 
Agren (2) stated that the alkah inactivation was attended by onl} minor 
alterations in the structure of the molecule, since there were no changes 
in the optical activity or absorption spectrum of the solution He also 
found it to be inactiv atod b} ultraviolet light and b} h> drogen peroxide, 
which agencies completely altered the physicochemical properties of the 
solution Slow inactivation results from treatment with strong ethyl 
alcohol, especially on heatmg (ICl) 

A number of color tests have been applied to sccretm preparations 
The impure concentrates m general give all the reactions characteristic 
of proteins This is consistent with the expectation that the contami- 
nants are largely protein m nature, but has contributed largely to the 
erroneous conclusion that secretin itself is a protein Both Ivy (161) 
and Still (318) noted the disappearance of all color tests except the bmret 
reaction after trichloroacetic acid purification Greengard and Ivy 
desenbed the biuret reaction as bright blue for the secretin base, evidence 
of a basic molecule of a rclatu ely low order of complexity Hammarsten 
applied the Harden and Norns (138) diacet} 1 reaction to secretin obtamed 
from his crystalline picrolonate, and described it as strongly positive, 
indicating the prominence of a guanidine linkage The molecule itself 
he considered to be in the nature of a polypeptide, on the basis of the 
isolation of free ammo acids on hydrolysis 

c Composition of Pure Secrehn &cretin phosphate prepared from 
Hammarsten's crystallme picrolonate was subjected to elementary 
analysis and found to contain 46% carbon, 6% hydrogen, 12% nitrogen, 
and 0 7% sulfur Qualitative tests for the latter element revealed that 
it was absent m the Greengard Ivy picrolonate Ultimate analysis of 
this salt showed a content of 52% carbon, 4 5% hydrogen, 20% nitrogen, 
and, by difference, 23 5% oxygen, these values are consistent with an 
empincal formula CaHjON The Hammarsten product liberated about 
7 % of its nitrogen on treatment with nitrous acid, mdicatmg the presence 
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of free ammo groups Such a structure v\as found absent from the 
Greengard-Ivy product on the basis of its failure to react with acetjl 
chlonde or methyl magnesium iodide m ether solution, nhich also ruled 
out the possible presence of any reacti\ e hj drogen atom Hammarsten 
concluded on the basis of the apparent high molecular weight of their 
material that pierolonic acid made up only a small proportion of 
their picrolonate Greengard and Ivy isolated the picrolonic acid from 
their picrolonate and found it to make up about 80% of the compound 
In support of this finding, they noted that the free base isolated from the 
picrolonate uas about fi\e times as potent on a neight-for weight basis 
The differences above cited are a clear indication of dissimilarity in 
the tw 0 picrolonates, that of the one group a complex compound, that of 
the other a relatively simple one It appears logical that the Hammar- 
sten group isolated a crjstallme secretm-protem complex, whereas 
Greengard and Ivy obtained secretin itself, the two beanng a relationship 
to each other analogous to that of Ibyroclobulm to thyroxin In support 
of such a conception is the finding of Agren and Hammarsten (4) that 
digestion by ammopolypeptidase of secrelm liberated from their crj’stal- 
Ime picrolonate resulted m the hberation of ten ammo acids, with no 
loss m secretm activity They considered these ammo acids to constitute 
a portion of the secretin molecules, a statement which is unwarrantable 
Crystallme secretm picrolonate was found by Greengard, Wolfrom, 
and Ness (130) to be a definitely and uniformly crystallme compound 
on the basis of x-ray diffraction patterns and microscopic exammation 
It was split by extraction wnth warm nitroetbane into soluble and insolu- 
ble fractions The former separated on cooling the nitroetbane, the 
resultmg crystals were found to be inert with respect to secretm actmty, 
and were subsequently chemically identified as aniline picrolonate m the 
case of material not subjected to py ndine-ether recrystallization, and 
as pyridme picrolonate after such a recrystallization procedure had been 
apphed The nitroetbane insoluble fraction w as an amorphous picro- 
lonate contaming all the secretm activity and not crystalhzable except 
by re treatment with amlme or pyndme The x ray diffraction patterns 
of the secretm picrolonate studied were found to depend upon the solvent 
employed Thus, in the case of material not recrystallized from pyTidine, 
the diffraction pattern was identical with that of amhne picrolonate, 
after recrystallization, it was identical with secretm picrolonate, and the 
biologically active nitroetbane msoluble residue yielded only the pattern 
of the polystyrene capillary tube used as a contamer Thus, the active 
cry’stalhne picrolonates were demonstrated to exist m the form of mixed 
crystals, an amlme secretm-picrolonate or a pyndme secretm picrolonate 
complex, depending on whether or not the matenal had been recry’stal- 
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lized from pyridine It is of interest to note that the only successful 
efforts to crystallize secretin have involved the use of aniline or pjndine, 
the latter solvent was the one employed by Hammarsten 

d Physiological Effects The outstanding action of secretin is a 
stimulation of the flow of pancreatic juice which is due undoubtedly 
to a direct effect on the acinar cells, as attested by the persistence of its 
action after denervation and transplantation An increase in the 
metabolic actmty of the gland occurnog during its action was demon- 
strated by Gerard and Still (107), who found a 20-50% increase m the 
respiratory rate of isolated pancreas from a rat after treatment with a 
very small quantity of the hormone, not observed when any other tissue 
(with the possible exception of liver) was tested, and by IGyohira (180), 



Fio 2-— Average total aad ten minute volume outputs of pancreatic juice in the 
anesthetized dog in response to tncreasiog doses of secretin (From Greengard rt al 
128 ) 


who noted the oxygen uptake of pancreatic tissue in a Warburg apparatus 
was mcreased 0-18% by secretin whereas other tissues tested were 
unaffected 

The concentration action curve of secretin was determined by Green- 
gard, Stem, and Ivy (126) using doses ranging from subminimal to super 
maximal, and plotting the volume response against dosage An S-shaped 
curve was obtamed (Fig 2) This is in contradistmction to a report bv 
Lagerlof (206), who found that in human subjects with a duodenal tube 
in place the volume response was m strikingly direct proportion to the 
dosage He may have used doses covering only a small limb of the total 
curve The former investigators also found that when <!ecretin was 
mjected at a constant rate in defimte amounts, an injection rate corre 
spondmg to 0 0007 mg of secretm base per minute was the minimum 


214 


HABRY aEEBNGABD 


effective dose, whereas twenty times this quantitj was required to 
stimulate the gland at its maiamum rate Thus, assuming that when 
secretin is injected at a constant rate m submaximal doses a state of 
equilibrium is attained so that it is removed from the circulation as 
rapidly as injected, it follows that the quantities specified must be present 
m the circulation m order to excite the pancreas minimally and maxi 
mally Such an assumption is entirely m keepmg with the fact that the 
gland attains a constant rate of secretion for anj contmuous dosage of 
secretin less than supramaximal 

The effect of secretin on the composition of pancreatic jmce has been 
shown bj many in\ estigators to be the production of a secretion low m 
enzymes (68,236,248,281,319,357) especiaU> m contradistmction to the 
enzjTne concentration following vagus activation Mellanby (240) was 
sufficiently impressed by such findmgs so that he believed secretin to 
control only the fluid and alkali output of the pancreas, whereas the 
vagus regulated the enzyme production It is now known that such a 
concept was entirely erroneous and that a hormonal as well as a nervous 
factor acts to stimulate the elaboration of the pancreatic enzymes Even 
m the case of pure secretin, an enzyme free secretion has never been 
recorded to be elicited The ratio of enzyme concentration to volume 
output has been noted to varj inversely with the rate of secretion 
Greengard, Dutton, and Iv} (118) observed that at the height of the 
secretin effect the enzyme concentration was minimal 

As a result of numerous experiments, most of them unrecorded, it has 
been established that the pancreatic response to secretm is mexhaustible, 
and that a pancreas will mamfest an undiminished response after hours 
of repeated injections providmg the animal remains m good condition 
Artificially raising the bodj temperature of a dog was shown bj Osborne 
and Greengard (258) to increase the response to secretm, whereas lower- 
ing the temperature had the converse effect 

Several effects other than the pancreatic have been attributed to 
secretin, but nearly all of these have been shown bj more recent work 
either not to exist or to be due to principles other than secretm, present in 
the cruder extracts One such action, however, has been shown to be 
manifested by the erj stallme material, and is therefore truly a secretin 
effect namely, its action on the hver to stimulate bile formation The 
demonstration of this actually antedated that of the pancreatic effect 
Rutherford (289) first observed that acid instillation in the duodenum 
produced an increase m bile flow, a finding the significance of which was 
overlooked until Bajliss and Starlmg (11) obtained a similar effect from 
the intravenous injection of extracts of intestinal mucosa Confirrciatorj 
evidence has been obtained by a number of workers (47,02,101,146,255, 
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259) Exclusion of \ ascular mfiuence was obtained by Lueth and Idoster 
(229), who used a dilatinfree secretin, and Fleig (89) obtained a cholegogue 
response to a transfusion of blood from the venous drainage of an acid- 
mstilled intestinal loop Jrellanbj (2-10) considered that the cholegogue 
effect uas due to the entry of pancreatic juice into the intestine Still 
(318) and Still, McBean, and Rcis (320), honever, noted a cholegogue 
effect to be manifested by depancrcatited as uell as normal dogs The 
possibihty of absorption of anj humoral agent from the alimentary tract 
w as entirely ruled out by the experiments of Tanturi, Ivy , and Greengard 
(329), nho injected purified Bccrclin into dogs and cats from which all 
abdominal Mscera had been extirpated except the liver and biJo passages, 
and found the cholegogue response to persist 

C Meldboltsm 

The interdigestive phase of pancreatic secretion is very slight, as 
demonstrated by Crittenden and Ivy (39), and after the ingestion of a 
meal the activity of the gland subsides rapidly as the upper intestine 
empties When a single injection of sccretm is given, the duration of 
action depends on the quantity administered, but is never prolonged 
beyond a half hour or so It is thus apparent that secretm disappears 
quite promptly from the circulation The mechanism of such disappear 
ance was studied by Greengard, Stem, and Ivy (127), who found the 
hormone to be quite rapidly inactivated on incubation with blood The 
rate of inactivation w as found to depend on the temperature of incuba* 
tioQ, the optimum being 37®C , on the pll, the effective range of which 
was 3 5-8 5, mth an optimum of 7 4, and on the concentration The 
inactivating factor was present m plasma or serum, and absent from 
salme washed cells, and it was rendered ineffective by heating to above 
CO'^C It was concluded on tbe basis of these findings that a factor is 
present m blood serum which destroys secretin, and which from its 
behavuor is presumably an enzyme, designated "secretinase ’* Further 
confirmation of the enzymic nature of the agent was supplied by Doubilet 
(59), who found the potency of mjected sccretm to be enhanced by pre- 
treatment of the animal with vitamin K, and the in vttro destruction of 
secretm by serum to be effectively inhibited by the addition of vitamin 
K to the mixture Such findings are readily explained on the basis of an 
enzyme-inhibitory action Tbe existence of such a factor in the urine 
has also been noted (128) Its presence m the blood provides a satis- 
factory explanation for the gradual cessation of pancreatic secretion 
following stimulation by exogenous or endogenous secretm, as well 
as the failure ever to demonstrate any secretm activity in the urine 
Obviously, the blood is not the only source of secretinase It has long 



216 


HARRT GREEVOARD 


been kno^vn that secretin is inefifective when taken orally (30) , it has been 
found by Doubilet and Ivy (60) to stimulate uhen given rectally, and is 
also effective on intramuscular or subcutaneous injection In both 
instances the latent period is longer and a far higher dosage is necessary 
for an effect to be manifested Its ineffectiveness on oral administration 
has always been attributed to the fact that the hypothetical protein 
molecule was destroyed by peptic and tryptic digestion Greengard, 
Stem, and Ivy (127), houeier, observed no destruction of either crude 
or purified secretin by crystallme pepsin, trypsin or chymotrjpsin It is 
probable that the agent which destroys orally administered secretin is 
secretmase in the stomach and intestine, which was also present in the 
pepsin and trypsin preparations used by tbe earlier investigators, while 
the much larger quantity required for effectiveness on subcutaneous or 
intramuscular injection may be on the basis of destruction of most of the 
hormone before it gams access to the pancreas In this connection it 
should be mentioned that e\ en w hen secretin is given intravenously, much 
of It probably never reaches the pancreas intact The minimal effective 
dose required to stimulate when mjected directly into the arterial supply 
of the pancreas has never been ascertained 

7 Cltmcal Appheaftons 

The attainment of a noutoxic secretin preparation free from side 
actions has long been sought, with a view to employing it as a diagnostic 
tool for evaluation of the functional state of the pancreas It has been 
injected intravenously into normal human subjects (5,34,342) with a 
duodenal tube m place, and m adequate doses under such conditions has 
abundantly increased the flow of duodena! contents from the tube, and 
the total output of pancreatic enzymes contained therein A numb»r of 
investigations (33 36 37,53 54,55 206) have since demonstrated these 
responses to be diminished in the presence of pancreatic injury or disease, 
and on this basis it has been found possible to differentiate steatorrhea 
due to digestive deficiency, as in pancreatic achylia, from that produced 
by absorptive failure, such as occurs in sprue or celiac disease (17,260) 

In the presence of obstruction of the pancreatic ducts it is stated to pro- 
duce an increase in serum lipase, not noted in either an intact or an 
atrophied gland (275) A test based on the production of a functional 
obstruction to the ducts produced by the spasmogenic action of mor- 
phimzation prior to the injecliou of secretin has been devised by Lagerlof 
(207), and Friedman and Snape (102) believe measurements of the 
enzyme production by the gland m response to combined secretin insulin 
mjections to be a more reliable mdex of pancreatic deficiency than 
repression of volume output alone 
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8 Summon/ 

Secretin is the hormonal agent stimulating the externafsecretion of 
the pancreas, particularly its inorganic constitucncj Its existence has 
been cstabhshed bx a scries of appropriate experiments, including trans- 
plantation studies and isolation in the crystalhne state The recrystal- 
Jized picrolonate has been found to baxe the empirical formula C»H|ON, 
the structure is as yet undetermined, but it is apparently free of reactive 
hj drogen atoms Pure secretin stimulates the secretion of the hver as 
uell as of the pancreas The action on the pancreas is not long main- 
tained, apparent!} due to destruction of the secretin by an enzyme present 
in the blood and tissues designated as “seeretinase ” Pure secretin, or 
highly purified concentrates, ha\e been injected in the human for the 
purpose of determining the mtegntj of pancreatic function By this 
means certain differential diagnoses are feasible 

B Pancreozymin 
I Demonstration 

In the foregoing discussion it has been noted that secretm admmistra- 
tion evokes the secretion of an enzyme-poor pancreatic secretion In 
most early reports crucial data have been lacking, principally because of 
the inadequacy of methods for the quantitatix e determination of enzymes, 
and a fen imestigators have reported an increased enzyme concentration 
after secretm (34,200) The proposal of Mellanby that the enzyme out- 
put of the pancreas is entirely under \ogaI control n as refuted by Harper 
and \ ass (140), n ho noted an increase in the enzyme content of pancreatic 
secretion nhen food or uater entered the duodenum from the stomach, 
nhich was unaffected by complete cxtrmsic denervation of the small 
mtestme Evidence that the enzyme content of pancreatic juice ehcited 
by secretm depended on the method of preparation of the secretm con 
centrate was obtained by Braga and Campos (22) Fnedman and 
Thomas (103) noted that instillation of peptone in the duodenum elicited 
the flow of pancreatic juice of higher enzy me content than when dilute 
acid instillation or S’Cretm mjection serxed as the stimulant of flow 

An explanation of the discordant results of previous xvorkers nas 
obtained by the discovery of Harper and Raper (139) that a secretm 
concentrate prepared by a modification of Mellanby’s method could be 
separated into two factors one of these was secretm, and the other a 
previously uncharacterized agent which had no effect on the volume 
output of the pancreas, but operated to increase the amylase concentra- 
tion of the juice while secretm stimulation v,as acting, and which they 
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called “pancreozymin ’ The hormonal nature of the agent was indi- 
cated by the fact that its effect was still manifested after vagotomy or 
atropmization, and it had earlier been shown by Farrell and Ivy (78) that 
an autotransplanted pancreas manifests an augmentation of both fluid 
and enzyme production after a meal Thus enzyme production is estab- 
lished to occur m the absence of all extrinsic innervation of the pancreas 
Confirmatory evidence of the existence of pancreozymin was obtained 
(119) by a re-exammation of the vanous fractions separated m the 
purification of secretm by the process of Greengard and 1%'j It was 
noted that their SI preparation produced a secretion of much higher 
enzyme content than did purified secretin and that the enzyme stimulat 
ing factor was m the fraction precipitated by aniline All three of the 
chief pancreatic enzymes were elaborated m increased concentration, as 
was expected 


2 Conccntrotton. 

Two methods have been described for the preparation of a pancreozy- 
min concentrate Harper and Raper extracted ecraped intestinal mucosa 
with absolute alcohol, removed the alcohol by vacuum distillation, pre- 
cipitated the secretm by the addition of bile salts and acetic acid, and 
saturated the filtrate from this treatment with salt The resulting 
precipitate was extracted with absolute alcohol, the extract, evaporated 
to dryness contained the pancreozymin activity Greengard and I\y 
(124) noted that the precipitate obtained by treatment of SI m 80% 
acetone solution with antlme served as a potent source of pancreozjmiin 
From this precipitate traces of secretm as well as other contaminants 
could be removed by extraction with acidified methyl alcohol 

3 Occurrence 

Pancreozymin w as found by Harper and Raper to have a source and 
distribution in the body identical with secretm None was obtainable 
m extracts of tissues other than the intestinal mucosa 

4 Melkod of Assay 

Harper and Raper determined the activity of their concentrates by 
collecting from the cannulated pancreatic duct of anesthetized cats the 
enzyme-poor secretion elicited by injection at 12 minute mten als of 
pancreozymin free secretin When the rate of secretion and amylase out 
put became constant, injections of the pancreozymin concentrate were 
made at intervals, and the magnitude of increase of enzyme output was 
ascertained Greengard and Ivy (124) devised a method based on the 
finding that at the height of secretm stimulation the enzyme content of 
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pancreatic juice is extremely low Dogs were given injections of purified 
•secretm at 10-mmute intervals, the secretion obtained in response to the 
first few of the-se was discarded, as they served for the washing out of 
preformed enz>Tnes and subsequent samples were fractionated into 
3-minute collections the enzyme contents of which were determined 
The injections of pure secretin elicited a secretion considerably poorer in 
enzymes in the second 3-minule period than in the first, but its activity 
was increased by administering pancreozymin prior to its collection 
A unit of pancreozymin was defined as that amount which increased the 
enzy me content of the second 3-minutc sample to the level of the first 
Comparison of the Harper Raper and Greengard-Ivy products by this 
method revealed them to be of approximately equal potency 

5 Properties 

Concentrates have been found to be water soluble, and insoluble m 
organic solvents In the dry form the activity has not been shown to 
deteriorate but it docs do so in solution and, like secretin, is much more 
sensitive to alkali than acid Solutions may be boiled for up to 15 
minutes without a decrease in potency Harper and Raper found their 
product to be resistant to peptic digestion (U S P pepsin) but destroyed 
by enterokmasc activated pancreatic juice Their material was slowly 
diffusible through a cellophane membrane Harper and Mackay (141), 
employ mg biopsy studies, observed that the zj mogen granule content of 
the pancreatic acmar cells was unaffected by secretin injection, and 
dimmished but never exhausted by vagus stimulation or the mjection 
of pancreozymin 

0 Metabolism 

Evidence has been obtained (119) which indicates that pancreozymin, 
like secretin, undergoes enzymic inactivation in the blood and tissues 

7 Cltmeal Appltcaitons 

The discovery of pancreozymin is at present too recent for the evolu- 
tion of any complete studies on its applicability Preliminary trials 
(125) indicate that its administration in the dog increases the concen- 
tration of serum enzymes to some extent in the presence of an intact 
pancreas 

8 Summary 

Pancreozymin has been demonstrated to exist as a hormone entirely 
distinct from secretin, liberated from the same source and by the same 
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type of stimulus, and acting on the same end organ Its effect is to 
stimulate the production of enzymes by the pancreas 

C Cholecystokimv 
1 Demonslraiion 

It was first recorded by Okada (255) that an increased tone of the 
gall bladder resulted from the ingestion of a meal, or from the application 
of dilute acid to the intestinal mucosa Subsequently Braga and Campos 
(22) injected crude secretin preparations, and noted an expulsion of bile 
from the gall bladder, but there nas no indication that this effect did not 
result from vasodilation, with pressure exerted mechanically on the viscus 
from the engorged liver Shortly thereafter a number of clinical investi- 
gators produced radiological evidence of the evacuation of the human 
gall bladder promptly after the ingestion of a meal (21,25,38,147) The 
crucial experiments demonstrating the existence of a humoral mechanism 
controlling gall bladder evacuation were performed by Ivy and coUabo 
ratora (l5l,16Ljl62,l03,l64), who showed that vasodilatm-free secretin 
concentrates, when injected intravenously, stimulated the musculature 
of the gall bladder to contract They correctly attributed this effect to a 
hormone distinct from secretin, which they called "cholecystokinin,” 
and conclusively proved its existence by appropriate cross circulation and 
transplantation experiments 

The proof of the existence of cholecystokinin is based on the following 
evidence 

(1) An appropriate stimulus applied to the upper intestine, such as 
dilute acid, fat, or a meal, will cause the gall bladder to contract 

(2) These substances, as well as various digestive products, cause no 
contraction of the gall bladder when injected intravenously (343) 

(3) Acid instillation of a denervated loop of intestine will cause a 
contraction in the autotransplanted gall bladder 

(4) Extracts of the intestmal mucosa cause a contraction of the gall 
bladder when injected intravenously 

2 Occurrence 

Cholecystokinin is obtained from the same source as secretin and 
pancreozymin no other has ever been demonstrated It is of interest 
that certain species of animals possess no gall bladder, and that in the 
case of one of these, the horse, Drewyer and Ivy (61) extracted the 
intestinal mucosa, tested the purified extract for cholecystokinin activity, 
and found only traces present From such an observation it might 
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be generalized that animals lacking a gall bladder produce but little of the 
hormone Mhich stimulates it It was found present m the human and 
rabbit intestine (60) 

3 Concmlratton 

Cholecj'Stokinin was found by Ivj and collaborators (228) to accom 
panj secretin m its purification The SI concentrate contains both 
secretm and cholecj’stokmm From such trichloroacetic acid precipitates 
it nas found possible to extract most of the secretm activity with 95% 
alcohol, leaving an alcohol msoluble residue containing little secretm, 
at the expense of the inactivation of appreciable amounts of cholecysto- 
kimn In the procedure for the isolation of crj'stalline secretm, Green* 
gard and Ixy (123) and Doubilet (59) noted that the cholecj stokinm n as 
present in the but 3 1 alcohol extract of the filtrate from anilme precipita 
tion Agrcn (3) prepared a concentrate by a procedure quite similar to 
the SI method, and reported the actnity to be concentrated m the elec 
trodialyzate The hormone has not 3 et been isolated m the chemically 
pure form, and it is not 3 et established that any of the concentrates are 
biologicall} pure 

4 Properttes 

Cholec 3 stokinm manifests the same characteristics of thcrmolability, 
degradation in solution, and sensitivity to alkali as haxe been noted for 
secretm and pancreoz 3 TmQ Likemsc, it is diaiyzable Its character* 
istic biological effect is the production of a contraction and evacuation of 
the gall bladder, and this has been followed radiologically m the rabbit 
by Walsh (344) and in the human by Iv 3 , Drew 3 er, and Omdoff (154) 
As m the case of secretm, the effect is most pronounced b 3 far when it is 
given by the intra\ enous route, it is not active by mouth, but hag been 
shown by Doubilet and Iv 3 ' (61) to be absorbed and effective Mhen given 
rectally When added to a bath of ox 3 genated saline contaming sus- 
pended strips of gall bladder (Mellanby, 242) or an isolated gumea pig 
gall bladder (Jung and Greengard, 1G9) a contraction of the isolated 
gall bladder tissue was obtamed The latter workers found that the 
response was imattenuatcd by addition of atropme, which agency com- 
pletely abolished the response to acetj^cbaline Sandblom, t'oegtlin, 
and Ivy (292) noted that cholecystokmin caused a relaxation of the 
sphincter of Oddi, together with an mcreased duodenal motility as 
registered by a balloon Whether Uie sphincter relaxation is due to a 
direct effect of the hormone or to a reflex from the contracting gall bladder 
IS as yet undetermined, nor is it known whether the effect on the intestine 
IS attributable directly to it 
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5 Biological A ssay 

The most reliable procedure for the determination of cholec} stokmm 
potency is that de\ased by Ivj and Oldberg (164), which consists of 
exposing the gall bladder in its bed, clamping or ligating the cjstic duct 
while excluding the cjstic artery, and securing in the dome of the gall 
bladder a metal trocar about 6-7 mm in width, which is connected to a 
sensitue recording tambour On such a preparation the increases m 
tension within the gall bladder produced by cholecystokinm injections 



Fig 3 —Progressive inactivation of secretin, and cholecystokinm during incubation 
of 81 with dog serum (From Greengard et al , 129 ) 

are measured, and the unit is deBned as that amount which will produce 
a nse equivalent to 1 ml of bile in the absence of \ asodilation This 
effect IS brought about in most dogs by the administration of 0 3-0 5 mg 
of SI Assays have also been performed on the isolated gall bladder tn 
vitro By such a procedure Agren (3) noted a contraction on the addi- 
tion to the bath of 0 4 mg of his best preparation, and Doubilet and 
Ivy (60) with 0 1 mg of SI 

6 MetabiAism 

By the same process whereby the existence of secretmase was estab- 
lished, Greengard, Stem, and Ivy (129) noted that blood serum contains 
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a principle which inactivates cholecjstokmin, and which manifests the 
beha\ lor typical of an enzj me with regard to pH and temperature effects 
and thermolabilitj The presence of such an agent may be the factor 
responsible for allow mg relaxation and filling of the gall bladder in the 
inteiwals between meals A typical record of the inactivation of secretin 
and cholecjstokinin by serum for various penods of incubation is depicted 
m Fig 3 


7 Chntcol Apphcaitons 

iVs indicated abo% e, mtravenouslj injected cholecj stokimn produces 
a contraction of the human gall bladder which can be followed radiol- 
ogicallj (154) Presumably the material would serve as an instrument 
for nonsurgical drainage of the gall bladder, and as an adjunct to the 
Graham-Cole test in determining the abihty of the vnscus to evacuate 
It is no more potent in so doing than is a Boyden meal of egg yolks and 
cream, nor is its action appreciably more prompt However when a 
concentrate of sufficient punty is available in adequate amounts for 
clinical use, it is not unlikely that a dosage effective m normal individuals 
can be established to serve as a standard for companson with the amount 
required by a diseased gall bladder In this connection, numerous assays 
on dogs have showm a healthy gall bladder to be much more sensitive 
to cholec>stokuim than an inflamed or fibrotic one 

D Enteroqastronb 
1 Demonstration 

It was first shown bj Ewald and Boas (74) that the addition of olive 
oil to a meal of starch paste would inhibit gastnc secretion and delay 
gastric evacuation m the human subject Shortly thereafter, Pavlov 
and his collaborators launched a senes of investigations which corrobo- 
rated and extensively amplified the evidence thus obtained Khizhm 
(175) noted that meals high m fat elicited a meager gastric secretory 
response, and that the normal marked secretion elicited by a meat meal 
was diminished by the addition of fat Lobosov (222) observed a 
decrease m enzyme content of the juice as well as volume output, and 
Wirschubski (355) confirmed the inhibition of gastric motility He also 
showed the inhibition to be followed by a secondary excitation Kasan- 
ski (170) foimd olive oil to inhibit the hypersecretion produced by per- 
fusion of the stomach with warm saline 

Up to this time it w as assumed that a local effect of fat on the stomach 
constituted the inhibitory agency This was disproved by Lintvarev 
(221), who demonstrated inhibition of gastnc motility and closure of the 
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pylorus follomng introduction of olive oil m the duodenum, which he 
attributed to a duodcnogastnc reflex Subsequently Sokolov (311) 
proved conclusively that inhibition was obtainable only after the duo- 
denum M as exposed to the action of the fat, winch he did by prepanng 
dogs mth a Pavlov pouch and with fistulas of the mam stomach and 
duodenum which he could connect or disconnect at will In such 
animals there was no inhibition of secretion from the pouch when fat 
was placed in the mam stomach It occurred only when fat was placed 
m the duodenum, and he believed the inhibitory nervous reflex to origi- 
nate there His studies w ere repeated and confirmed by Lonnqvist (226) 
Orbeli (257) compared the fat inhibition in. a Pavlov pouch before and 
after vagal denervation, and found it to be less in the latter case, which 
he interpreted as support of the conception of a nervous reflex mechanism, 
with the vagus nerve constituting the efferent hmb of the reflex arc 
That the duodenum was also the region responsible for the secondary 
stimulation after the ingestion of fat was shown by Piontkovski (261), 
who noted excitation following the introduction of soaps therein, and 
concluded that the biphasic action of a fat meal was due to an initial 
inhibition occasioned by the presence of neutral fat in the duodenum, 
followed by a secondary augmentation when the fat was subjected to 
intestinal digestion and converted to soap 

These fundamental observations were abundantly confirmed m all 
respects, except regarding the mechamsm w hereby the inhibition occurred, 
and by a variety of techniques A number of clmical investigators 
(6,9 35 208 321 333) found the findings applicable to the human stomach, 
and Cannon (29) obtained radiological evidence of inhibition of penstalsis, 
both in frequency and degree, after a fat meal was given Carlson (31) 
and Quigley Zettleman, and Ivy (280) noted that the introduction of fat 
into the duodenum inhibited hunger contractions as recorded by the 
balloon technique 

The conception that the inhibitory effect of fat was a nervous-reflex 
phenomenon did not sumve The elucidation of its true mechanism 
onginated when Ivy, Lira, and McCarthy (166) obtained inhibition of the 
•5«CTfc\iuEi tA a tfi \Jfft a.wi a. tfttJilLv 

denervated Bickel pouch in response to fat placed in the duodenum 
Subsequently Farrell and Ivy (77) showed the procedure to inhibit the 
spontaneous hunger contractions of an autotransplanted gastric pouch, 
and Feng, Hou and Lim (80) the secretory activitj Fmally, Quigley, 
Zettleman, and Ivy (280) demonstrated the persistence m the inhibition 
of motor activity of a pouch after bilateral vagotomy, bilateral splanch- 
nectomy, and cehac ganglionectomy, as well as m the autotransplanted 
pouch, and thereby established that fat inhibition could not be accounted 



VI HORMONES OT OASTKOINTESTINAL TRACT 225 

for on a ner\ ous-reflex basis, but must of necessity be due to a humoral 
agent 

Further m ork revealed the true nature of such an agent The possi 
bility that it represented some digestt\c product absorbed from the 
duodenum was ruled out by the experiments of Feng, Hou, and Lim (80), 
who showed that no inhibition occurred when thoracic duct lymph was 
injected intravenously, and that a thoracic duct fistula did not alter the 
effects of fat admimstration hence absorbed fat passing through the 
lymph vessels was not the inhibitory agencj The presence of bile 
discharged into the duodenum as a result of fat administration was shown 
to be unrelated to the inhibition It nas shorni by Sokolov (311), by 
Meyer, Ivy, and McEnerj (245), and by Kosaka and Lim (192) that bile 
m the intestine stimulates, rather than depresses gastric secretion 
Other nonspecific agents Mere ruled out by Quigley, Zettleman, and Ivy 
(2S0), who noted no inhibitory effect m response to injections of fat, 
lymph, soap, or glycerol Secretm and cholecystokmm m ordinary doses 
Mere ineffective 

Thus all known absorptive products nerc excluded as possibly being 
the humoral agent involved, and the existence of a specific cbalone was 
strongly suggested In support of such a conception, Kosaka and Lim 
(ID3) mjected large doses of Ivy’s cholecystokmm ond found it to inhibit 
the secretion from a Heidenham pouch This led to further studies 
(194,195) m which they prepared saline extracts of duodenal mucosa 
previously exposed to olive oil and found them to bo active, whereas 
extracts not thus exposed, or extracts of gastnc mucosa, were meffective 
These findings clearly indicated the existence of a specific principle 
elaborated into the blood stream in response to exposure of the duodenal 
mucosa to fat, which they named "entcrogastrone ” The presence of 
enterogastrone m the blood has been indicated as a result of experiments 
by Tschukitscheff (334), who obtamed mhibiUon of hunger motility in a 
dog after a transfusion of blood from a fed animal, and by Kosaka and 
Lim (194), who precipitated active material from the blood of a fat-fed 
dog 

2 Occurrence 

The site of enterogastrone formation is almost entirely m the duo 
denum, on the basis of several experiments Ivy, Lim, and McCarthy 
(167) found the inhibitory effect on a Pavlov pouch of coatmg the stomach 
with lard to be slight, and Farrell (76) made a similar observation on a 
total pouch Smidt (310) resected the pyionc antrum in Pavlov pouch 
dogs and noted the inhibitory effect of fat to persist, whereas if the first 
part of the duodenum were also resected it disappeared Kosaka, Lim, 
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Ling, and Lm (195) extracted a munber of tissues, and found the only 
extracts effective were those of the mt^tmal mucosa, thus establishing 
it as the site of enterogastrone elaboration 

3 Concenlratton 

The original preparation used by Kosaka and T.im for an active 
extract was the SI concentrate previously referred to Kosaka, Lim, 
Ling, and Liu (195) and Lam, Ling, and Lm (216) reported the preparation 
of a concentrate which was potent and practically free of vasodilatin, 
secretin, and cholecystokinin by picric acid precipitation from a saline 
extract of mucosa from a fat-instilled duodenum, decomposition of the 
picrate with acidified alcohol, and acetone precipitation Gray, Bradley, 
and Ivy (111) obtained a supenor product in a greatly improved 3 ueld 
from the same “A-precipitate’' employed as a source material for the 
other hormones, by a procedure of suspension in water, isoelectric precipi- 
tation, heat coagulation, separation of the activity from the filtrate as an 
insoluble tannate, and decomposition of the latter with acidified acetone 
The product was potent jn repressing gastric secretion and motihty m 
experimental animals when injected intravenously, it was also effective 
on subcutaneous or intramuscular injection, but m the dosage necessary 
to produce such an effect was markedly imtating Further concentra- 
tion of the activity was effected by Greengard and others (121) employ- 
ing precipitation with picric acid of the product of the above procedure 
The precipitate on treatment with acidified acetone was separated into 
an active extract and an insoluble residue in which most of the imtant 
material remained From the extract the activity could be precipitated 
by an excess of acetone m the form of a freelv soluble colorless powder, 
approximately twice as potent as the original product in depressing 
gastric secretion 

4 Btologtcal Assay 

Methods have been devised for the evaluation of activity of entero- 
gastrone concentrates based on their potency in repressing the motor and 
secretory activity of the stomach Kosaka, Lim, Ling, and Lm (195) 
employed as a criterion of activity the duration of inhibition of hunger 
motihty in dogs, and the extent of mhibition of secretion from a Hetden- 
hain pouch after a meal Gray, Bradley, and Ivy (111) obtained more 
consistently reliable information by determining the motor inhibitory 
effect on gastric penstalsis induced by placing a balloon in the stomach 
and inflating it with 80-100 ml of air, and on secretion by the use of dogs 
with pouches of the entire stomach The method first devised foi 
secretory inhibition consisted of injecting the dogs at lO-mmute intervals 
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With a dosage of histamine adeQuate to elicit a gastric secretory response 
of 1 ml per minute ^Yhen this was established as a steady rate, the 
enterogastrone concentrate was injected and the degree of inhibition 
noted The unit was defined as that quantity which reduced the output 
of free HCl bj 50% for 2 hours following injection This procedure has 
more recentlj been modified to one m which the pouch dogs are gucn 
two ‘smgle injections of histamine spaced about 5 hours apart It was 
■shown by Wells Gray and Dragstedt (346) that on inj given daj the 
responses to the two doses ore essentially alike, although any dog will 
fluctuate from day to day Prior to the second injection the entero 
gastrone concentrate is injected, and the response to the second histamine 
injection is compared to the control value The unit of enterogastrone 
derived by this method is defined as the amount which will halve the 
response to the second injection of histamine with reference to a control 
response of 40-120 mg of HCl in 90 minutes and is essentially identical 
wnth the unit as measured by the continuous-injection technique Fried 
man and Sandwciss (100) have devised an assay method ba'^ed on 
determining the effectiveness of the materia! in inhibiting the spontane- 
ous gastric hjiiersecretion induced in the anesthetized rat by pylonc 
obstruction 


5 Properliea 

The most potent concentrate obtained is a colorless powder freely 
soluble m w ater to give a colorless solution It has been found to be 
diffusible through a cellophane membrane (120) mdicatmg that the 
molecule is probably not \ ery complex It is insoluble in strong methyl 
or ethyl alcohol and other organic solvents Apparently the active 
principle is more stable m solution than secretin or cholecystokinin, for 
aqueous solutions have been stored for up to 10 days in the stenle state 
at a slightly acid reaction with no detectable diminution m activity In 
alkaline solution it undergoes rapid degradation In acid solution it is 
resistant to boilmg of duration up to 30 minutes It is absorbed by a 
vanety of insoluble solids, and destroyed by peptic digestion 

The physiological properties of enterogastrone concentrates will be 
considered under three topics, as indicated below 

(1) Effect on ga$lnc mohltty Both hunger motility and digestive 
peristalsis are inhibited by intravenous injection of the tannic acid 
purified product The duration of inhibition was found by Gray , 
Bradley, and Ivy (111) to be dependent on the dosage The two types 
of motility were found to be equally affected It was originally behoved 
that a single agent was effective m the depression of both motor and 
secretory activity, however the product obtained through picric acid 
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purification, manifests an enhanced potency m mhibitmg secretion and a 
greatly diminished one on motility Furthermore, the SI concentrate 
IS a potent motor inhibitor m small doses, nhich may be many times 
multiplied mtbout manifesting any inhibitory effect on secretion mduced 
by a meal or by histamine (120) These circumstances clearly indicate 
the existence of tn o separate prmciples 

The motor mhibitory effect of enterogastrone concentrates has been 
demonstrated to depend on the integrity of the vagus mner% ation to the 
stomach The intact stomach and a vagally innervated pouch are 
inhibited, either by the mjection of active extracts or by instillation of 
fat into the duodenum, whereas the motility of a denervated pouch is 
unaffected by the injection of extracts (142) but still is inhibited by fat 
in the duodenum Motor inhibition may be obtamed from either 
intravenous or subcutaneous mjection The latter manifests a longer 
latent period and sloncr recoverj, and the effective dosage is about four 
times as large 

(2) Effect on gaslnc secretion The inhibitory action of enterogastrone 
on gastric secretion is manifested on both innervated and denervated 
pouches, and is effective regardless of the nature of the stimulus applied 
when, the dosage is adequate The extent and duration of the effect 
depend roughly on the dosage employed, houever, no satisfactory con* 
centration action ratio can be constructed, oumg to the inherent vans 
bility of the process of gastric secretion in different animals, and in the 
same animal from day to day 

The effect of enterogastrone on the composition of gastnc juice was 
mvestigated by Gray, Bradley, and Ivy (in),uho determined the volume 
output and the contnbutions of parietal and nonpanetal secretion 
thereto, and concluded on the basis of their determmations that entero- 
gastrone exerted a selective inhibitory effect on the panetal secretion, 
since their calculations revealed that the decrease m volume and free acid 
was consistent with such a situation Whether the enterogastrone 
entered the circulation of the dogs as a result of injection of a concentrate 
or of invoking the animal s mtnnsic enterogastrone mechanism by fat 
mstillation there was alwajs a greater diminution in the output of free 
acid than in the volume output Thus the concentration of acid in the 
postenterogastrone collections was reduced, and by dividing the secre- 
tion mto panetal and nonpanetal components on the basis of a concen- 
tration of HCI of 6 mg per ml m pure panetal secretion, it was noted 
that the output of nonpanetal secretion was essentiallj unaltered after 
enterogastrone Furthermore, the output of mucus, a typical non- 
panetal constituent, remamed constant Subsequently, it was noted 
(133) that the output of pepsin was only slightly dimmished by entero- 
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gastrone m animals vrith vagally denenatcd pouches, but markedly in 
the case of pouches with the vagus innervation intact In the light of 
these findings, it appears that pepsm inhibition, like inhibition of motility, 
IS dependent on the mtegnty of the vagi How e\ er, a denerv ated pouch 
inv ariably has a lower pepsm output than an mncrv ated one 

(3) Effect on the resistance oj the alimentary tract to ulcerative lesions 
In V len of the therapeutic potentiahties of enterogastrone as a means of 
attenuating the gastnc hj^persecretion accompanying peptic ulcer, an 
investigation nas made regarding its efificacy in preventing the develop- 
ment of gastrojejunal ulcer m dogs prepared by the Mann-^\ lUiamson 
operation, a procedure which uniformly results m ulcers mthin a penod 
of about four months It was found (137) that, when two daily injections 
of the tannic acid product were admimstered, 80% of the animals 
remamed m good condition and did not develop an ulcer during a year’s 
observation, whereas, in a control group of ammaU given the same do«e 
of hog muscle extract prepared by the identical procedure, an ulcer 
developed in all cases, showing that the protection was not of a non- 
specific nature The fact that protection failed in 20 % of the animals w as 
considered to be due to their becoming refractory to enterogastrone, a 
condition which Graj and Wieczorowski (113) had shown to obtam m 
this proportion of pouch dogs employed for assaj of the material The 
injections were discontinued after a >car, in order to permit the animals 
to develop ulcers and then to ascertam if these could be cleared up by 
resumption of the treatment, as had been done in previous mvestigations 
on other forms of antacid therapy At this time the aniraab were 
explored and found to be free of ulcers It transpired that the protec- 
tion afforded by the course of enterogastrone injections was a lastmg one 
Most of the dogs died of causes other than ulcer many months after cessa- 
tion of treatment A few dev eloped ulcer from 1 J to 3 j ears later, thus 
mdicatmg that no real adaptation of the ammals to the operation had 
taken place 

These results mdicated that the protection afforded to Mann IVilliam 
son dogs IS not attributable to an antacid effect of enterogastrone alone, 
smee the action of enterogastrone m the dosage used was of only a few 
hours duration, and smee other forms of antacid therapy contmued for 
the same mterval fail to give lasting protection Thus the presence of a 
hitherto uncharactenzed principle which increases the resistance of the 
mucous membrane to mjury and promotes healing w as strongly mdicated 
In a subsequent senes of experiments (151) the animals were observed to 
be protected by a smgle daily intramuscular injection of the above con 
centrate after further punfication through picric acid In this senes 
protection was obtamed m all animals The mechanism of the protective 
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influence has been investigated, and the onI> significant finding was the 
fact that whereas an untreated Mann-Williamson dog manifests a con- 
tinuous hypersecretion in response to an alcohol test meal (309,353) such 
a dog after a course of treatment with enterogastrone evidences a response 
similar to that of a normal dog (132) (Fig 4) This indicates a modifica- 
tion of the activity of the parietal cells, but the means whereby this is 
brought about remains obscure Recent studies (unpublished) have 
indicated enterogastrone treatment to stimulate mucus formation at the 
site of ulcers produced m rabbits by excision of a piece of gastnc mucosa 
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Flo 4 — Output of free HCI in treated and untreated Mann Wdlianison dogs, 
compared with that of normal dogs in reoponse to an alcohol test meal (Redrawn 
from Ciossmaw ei ol , 132 ) 


Following the observation of protection agamst experimentally pro- 
duced ulcers in dogs, the same procedure was applied to patients with 
proved peptic ulcers of long standing This investigation (117) revealed 
that although enterogastrone injections are no more effective than other 
forms of antacid therapy in rehevmg the acute symptoms of peptic ulcer, 
there is apparently a tendency to lasting protection when injections are 
continued over a period of a number of months 

In summmg up the properties of enterogastrone concentrates, appar- 
ently the less highly purified concentrates contain three agencies, includ- 
ing motor mhibitory and secretion inhibitory factors and in addition an 
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agent nith the protectue effect on the mucous membranes indicated 
abo\e 

In fact this latter agent is undoubtedly separate and distinct from 
the substances which inhibit gastric motility or secretion The dailv 
dosage employed m the treatment of ulcer m the dog or the human n ould 
be capable of mhibitmg the stomach for only an hour or two and to an 
extent far from complete especially in a hypersecretmg patient or animal 
Furthermore the protection against recurrent attacks which prevails 
beyond the period of daily infections cannot possibly be attnbuted to 
mhibition of gastric motility or secretion Thus the evidence strongly 
indicates the existence of another factor either m the form of another 
action of enterogastrone or of another substance present in the concen 
trate employed Support to this view is given by the apparent protec 
tue effect of crude extracts of the intestinal mucosa when administered 
orally to the Mann H ilhamson dog (117) the inhibitory action of entero- 
gastrone on the stomach cannot be obtained w hen it is given orally and 
it has been shown to be susceptible to peptic digestion (142) 

In view of the eiidence favoring the existence of a separate antmlcer 
factor it 13 apparent that the assay methods cited previously are capable 
of providing only an indirect measure of potency m this regard Prior to 
1945 the only direct procedure involved the preparation and prolonged 
daily treatment of Mann Williamson dogs with a lapse of several months 
before any indication of effectiveness was obtainable At that time Shay 
and associates (SOS) noted that acute gastric ulcers were producible m 
rats by pyloric ligation after a preliminary period of starvation lesions 
occurred uniformly m the rumen inconstantlj m the antrum and least 
often m the fundus They were attributed to the continual presence of 
unneutralized gastric juice since they could be also produced byinstilla 
tion with rat or human gastnc juice or acid pepsin solution The pro 
tective effect against such ulcerations produced by pretreatment with 
active extracts has been studied by several investigators (285 340 350) 
m general the degree of protection afforded by enterogastrone concen 
trates against such lesions has been apparent only when large amounts 
are given An assay method based on the production of a s ngle acute 
ulcer in the rat by the injection of dilute phenol into the stomach wall has 
been devised by Frederick and Greengard (94) They found that active 
extracts accelerated healing of such a lesion when injected for a v eek 
prior to and followTng the phenol treatment 

6 CUnicfd Applications 

From the preceding discussion it is manifest that the therapeutic 
possibilities of enterogastrone m the management of peptic ulcer are 
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great The high incidence of ulcer m the general population, the chron- 
icity of the condition, and the inability of all present forms of manage- 
ment to prevent recurrences are u-ell known, and, if suflSciently extensive 
studies confirm the prolonged protection afforded by enterogastrone, its 
position in ulcer management will be secure Recently it has been 
reported (97,108) that the oral administration of mtestmal extracts was 
foimd of benefit in ulcerative colitis, indicating that the production of 
increased mucosal resistance or promotion of healmg by its use may prevail 
throughout the alimentary tract 

E Action of Intestinal Extracts on Intestinal Secretion and 
MoTiLiTy 

It has long been knoivn that the principal factors concerned m regula- 
tion of the secretion of mtestmal juice are mechanical and nonspecific 
chemical stimuh nhich act locally (150) However, there is abundant 
experimental evidence that humoral agents are to some extent operative, 
and that one or more hormones are concerned m the elaboration of 
Brunner’s gland fluid as nell as of succus entencus It was noted many 
years ago by Ponomarew (263) that feeding would slightly increase the 
secretion from an isolated segment of duodenum, and these observations 
were verified and extended by Florey and Harding (90) m the dog cat, 
pig, and goat It was noted by them also that the response persisted 
after denervation (91) and after transplantation (92) This evidence 
establishes the existence of ahumoral factor m the case of Brunner’s glands, 
but this 18 not necessanly a hormone Some support for the existence 
of a hormone exists, since it has been demonstrated that some secretm 
concentrates stimulate Brunner’s glands when mjected intravenously 
(93,356) The SI preparation is effectue in this regard, whereas crystal- 
Ime secretm is not (313) 

The existence of a humoral mechanism stimulatmg the secretion of 
succus entencus was definitely demonstrated by Nasset, Pierce, and 
Murlm (252) who prepared animals with subcutaneous transplants of 
jejunal and ileal loops, and noted the effect on these of feeding No 
response w as noted pnor to complete denervation, but when t'ms was 
produced by the procedure of sevenng the ongmal pedicle there was a 
definite mcrease (60% over the basal rate) after feeding, and an increase 
m enzyme output which exceeded the volume mcrease (305) Subse- 
quently Nasset (251) prepared an extract of mtestmal mucosa which 
stimulated the secretory activity of the intestinal glands, the effect of 
which persisted after denervation and transplantation, and to which he 
gave the name “enterocrmin ” Processes of purification which have 
smce been apphed (83,85/ have evolved a highly potent concentrate which 
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IS reported to be free of eecretin and vasodilatins The most highly 
active preparation vas that obtained by Fmk (83), who employed a pro- 
cedure of acid alcohol extraction of the intestinal mucosa, precipitation 
by salt saturation, acetic acid extraction of the dned salt cake, and ether 
precipitation of the extract The product nas subjected to subsequent 
extractions with acetic acid, methylcellosohe, and propylene gbcol, 
followed by picnc acid precipitation and decomposition of the isolated 
picrate mth acetone, hot water, and acetic acid Certam batches 
obtained according to this procedure were potent m a dosage of 0 036 mg 

The only method described for the biological assay of enteroermm is 
that of Fmk and Nasset (84) iDvoKung the insertion of a wire coil into a 
jejunal loop to maintain patency of the lumen, which was then filled wnth 
saline and subjected to gentle suction ^Vhen it reached a steady state, 
the material to be tested was injected and any increase noted Any 
method for assaj is handicapped by the fact that a mechanical stimulus 
of the intestinal mucosa is incomparably more potent m exciting the flow 
of juice 

A further complicating factor in studying mtcstmal secretion mduced 
by mjected substances is the fact that many extracts of mtestmal mucosa 
will produce an increased motor actinty of the intestme (90), and it is m 
many cases equivocal whether an augmentation of secretion represents a 
true increase, or a spurious one resuUmg from the expression of preformed 
material The augmented moti)it> is apparently m the nature of 
rhythmic segmentation, since a decrease of passage time of a bolus 
through a Thiry-A^ella loop has been observ ed not to take place (341) 
Recently a partial dissociation of the motor and secretory eflects has 
been observed, the SI preparation stimulates both motility and secretion 
in a freshly prepared solution, but if such a solution is permitted to stand 
for some time at room temperature, or if it is boiled for half an hour, the 
secretorj component is lost while the motor one persists (122) 

It has been reported (72,73,231,232,330,359) that some secretm 
preparations when injected intravenously will stimulate mtestmal 
penstalsis, and this has been attributed to a hormone designated "pen- 
staltin” or “enterocin " The existence of such on agent is most unlikely 
ff IS a we/i-inown fact that aagmenied m^stmal motihty occurs after 
feeding but only m a loop of intestine remammg m continuity with the 
rest of the ahmentary tract, it is not seen in an isolated loop, whether 
innervated, denervated, or transplanted (152) The most potent excit- 
ing agents of mtestmal penstalsis are locally actmg stimuli of a chemical 
or mechanical nature, whose action may be abolished by local anestheti- 
zation (19) 

Another aspect of motor activity of the small intestine has been 



234 


HARRY GREENGARD 


m\ estigated by Kokas and Ludany (183,184, 185, 186, 187), ho postulated 
the existence of a humoral mechanism stimulating mo\enients of the 
vilh They noted by obser\ation under a binocular microscope that 
activation occurs only m segments of the intestine exposed to acid chyme, 
and that it could likewise be produced in an isolated loop of jejunum 
joined to the circulation by the carotid artery and jugular vein, follow^ng 
the instillation of dilute acid into the duodenum Cross circulation 
experiments yielded findings indicating that acid placed in the intestine 
of one animal activated the villi m both, and the injection of crude 
secretin concentrates was found to stimulate movements of the vilh 
The active principle was staled to be distinct from histamine, choline, 
secretin, cholecystokinin, and adenylic acid, and was considered to be a 
previously uncharactenzed hormone designated “vulhkinm ” They 
considered the mechanism important in the light of experiments showing 
increased intestinal absorption as a result of augmentation of actinty 
of the villi No confirmatory evidence for the existence of vullikinin has 
been published, and m partial refutation of the studies described above, 
Loevv, Gray, and Ivy (224) noted no acceleration of glucose absorption 
following instillation of dilute HCI into the duodenum 

F Action of Intestinai. Extracts on Splenic Contraction 

A fev? investigators observed that the injection of crude secretin con- 
centrate operated in thedirectionof altering tbecellular composition of the 
blood, as evidenced by a transitory though definite increase in the red cell 
count (63,64,105,179) It was suggested by Krzywanek (197) that this 
was occasioned by entry into the general circulation of the erythrocj te- 
nch blood in the splenic reserv oir, as a result of contraction of the spleen 
by some substance present in the concentrate, since the increase m 
erythrocyte count was only 4% in the splenectomized dog as compared 
with 30% m the intact animal In support of this conception, it was 
noted by Ferguson, Ivy, and Greengard (82) that a definite contraction 
of the spleen registered either by a splenic oncometer on the organ tn situ 
or by isolated strips of spleen m the bath, was obtainable following 
administration of certain secretin concentrates , The SI concentrate was 
effective m this regard, whereas highly punfied secretin was not The 
action of SI could not be inhibited by atropine 

This finding, together with the aetioos of intestinal extracts on the 
intestmal musculature and that of the gall bladder, constitute strong 
presumptive evidence that a single principle is the effective agent, rather 
than a multiplicity of hormones The proof of such a conception must 
await the isolation of cholecystokinin m chemically pure form 
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G Action of Intestinal Extracts o‘\ Blood Sugar 

A number of n orkers ha\ e obtained evidence purporting to show the 
existence of a hypoglycemic substance m extracts of the intestinal mucosa, 
and inferentially a control by the duodenum over carbohydrate metabo- 
lism through the medium of a hormonal agent According to some 
reports (45,46,306) extracts effective when given orally as nell as paren- 
teral!} have been secured, the actue principle of uhich has been termed 
“duocrme ” Others have obtained extracts effective only on parenteral 
injection {144,145,198,199,200,201,202,203,204,211.212,213,247,254,300, 
801,322,323,325,326,327,360,361) termed variously as "incretin,” "duo- 
demn,” "it^ulotropic hormone,” or “hypoglycemic secretin,” and in some 
instances the effect has been attributed to contamination of the extracts 
Mith insulin (159) 

Previous discrepancies existing in the literature (18 199,205,307) 
regarding the possibilit} of relea<« of a substance by an acid instilled 
duodenum which counteracts induced h}perglycemia have been resolved 
by a senes of well controlled experiments by Loew , Gray, and Ivy The} 
found, after minimizing all extraneous factors which might modify the 
blood sugar lev'el, that instillation of dilute HCl into the small intestine 
was without effect on hypergi} cemia induced b} alimentary absorption 
of glucose, by intravenous injection of glucose, b} adrenalin injection, 
or by pancreatectomy (224) The procedure of acid instillation was 
likewise without effect in lowering the fasting blood sugar level (223) 
These findings provided a crucial basis for the exclusion of an} hormonal 
influence exerted by the duodenum on carbohydrate metabolism, but 
not necessanly for the presence of a hypoglycemic substance m duodenal 
extracts However, it was subsequently shown by these workers (225) 
that concentrates prepared by many of the procedures alleged to have 
yielded active material were ineffective in depressing the blood sugar 
level The only hypoglycemia producing extracts obtained were those 
of pancreatic tissue Thus, only one possibility remains for any con- 
ceivable role which the duodenum might play in exerting any influence 
over carbohydrate metabolism, which is that it might produce an msulm 
synergist This question has not yet been investigated 

m. The Gastnc Mucosa 

The existence of two principles of hormonal nature has been postu- 
lated for the mucosa of the stomach The presence of one of these, 
secretin, has been satisfactonly demonstrated by experiments outlined 
above It has been termed by some “gastric secretm,” but there is no 
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reason to believe that it is not one \nth the secretin isolated from the 
small intestine 

The Gastrin Theory 

Shortly after the secretin mechanism had been demonstrated by 
Bayliss and Starling, the gastnn theory was advanced by Edkms (69) on 
the basis of experiments in which he found that extracts of gastric mucosa 
were effective in stimulating gastnc secretion in the anesthetized cat 
The p> lone mucosa w as found to be the most effective, w bereas extracts 
from the cardiac and fundic portions were less active or ineffective 
Extracts from all three regions of the stomach had a marked vasodilator 
effect, but those of the fundic region manifested this property the most 
markedly, often killmg the animal Subsequently Edkms and Tweedy 
(70) separated the fundic from the pylonc portion of the stomach by s 
flat balloon and cannulated the two portions separately The fundic 
portion was filled with saline, the pyloric portion with a number of 
different substances, and the fluid in the fundic portion withdrawn after 
each test and examined for the presence of free acid It was found to be 
secreted when meat extract, peptone, dextrm, glucose, or dilute HCl was 
placed m the pyloric pouch, but there was no local effect following their 
introduction in the fundic pouch Edkms believed these experiments 
to demonstrate the existence of the hormone gastrin, elaborated by the 
pyloric mucosa 

A comparison of these studies with those of Bayhss and Starling 
reveal the evidence obtained b> Edkms to be meager in comparison 
However, the problem has since been extensively investigated and a 
considerable amount of new matenal favoring the gastrin theorj has 
accumulated Analysis of the present status of the problem involves a 
consideration of the following questions 

(1) Is the pjlorus especially susceptible to stimuli affectmg the 
secretion of the fundic glands? 

(2) Is there a humoral meebamsm for the stimulation of gastnc 
secretion^ 

(3) What IS the site of action for stimuli which elicit the humoral 
mechanism'^ 

(4) Does a hormone mechanism for gastnc secretion exist’ 

(5) Is histamine mvolved m the normal gastric secretory process? 

These questions will be considered m order 

(1) Is the pylorus especially suseeplibUt A number of expenments 
have demonstrated conclusivelj that when secretagogues are applied to 
the pylorus the fundic glands are stimulated Savntsch and Zehonj 
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(303) caused secretion m a gastrostomy when substances of this type 
w ere placed in an mner\ ated pj lone pouch, and Lira, Ivj , and McCarthy 
(215) obtained a similar response when a denenated pyloric pouch was 
used Steinberg and collaborators (315) made the same observation, 
using animals with a fundic and pjloric fistula Pnestley and Mann 
(277) compared the secretory behavior of dogs w ith a transplanted fundic 
pouch and wnth a fundic fistula in response to the introduction of secreta- 
gogues into a denerv’ated pjlonc pouch They found tlie transplant 
failed to “lecrete, and the secretion obtained from the fundic fistula was 
meager and sporadic Thej attributed the secretorj response obtained 
to psychic mfluences However, their transplanted pouch was decidedly 
refractor! , responding very poorly to histamine 

The fundus of the stomach has likewise been shown to respond to the 
application of secretagogues to it, but considerabl} less than when these 
are placed m the p 3 lorus A number of investigators have attempted to 
compare the behavior of the fundic glands before and after extirpation 
of the pyloric antrum (170,270,310 354) The balance of the ev idence 
has demonstrated a reduction of a magnitude so minor as to be attribut- 
able to the effects of the operative procedure Furthermore, it has been 
shown that the presence of «ecrctagogues m the intestine will stimulate 
the fundic glands This was demonstrated m the case of the Pavlov 
pouch hi Ivy and Mcllvain (16S) and in the total pouch b> Ivy, Lim, 
and McCarthy (107) and by Ivim and Ivy (178) However m the case 
of the duodenum the latent period is long and the response is not great, 
which may be due to nervous or hormonal inhibitory influences 

The experiments abov e cited mdicatc a sensitivity to chemical stimuh 
m the pylorus, fundus, and duodenum, but that of the pylorus very 
definitely transcends the other two 

(2) Is there a humoral mechantsm for gastnc secrelionT The fact that 
the fundic glands could secrete independently of extrinsic innervation 
was first demonstrated by Popielski (274), who found secretion to occur 
after bilateral vagotomy, sympathectomy, cehac gangbonectomy, and 
transection of the spinal cord at the level of Til He concluded on the 
basis of his findings that the intrinsic plexuses were involved Similar 
observations were made 6y Fnectentfiaf 

Attempts to demonstrate by transfusion experiments the presence of a 
blood borne stimulus hav e failed to supply any additional evidence 
Lim (214) obtained no stimulation on transfusing the blood from a fed 
donor cat to a fasted anesthetized recipient, and Ivy, Lim, and McCarthy 
(167) found that transfusion from a fed dog to a Pavlov pouch dog and 
cross-circulation experiments both failed to give stimulation Rarenkov 
(282,283) reported stimulation m one of three experiments in which he 
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transfused defibnnated artenal blood from a fed donor to a Heidenham 
pouch dog, while a control transfusion from a fasted dog gave negative 
results Lim and Necheles (219) tested a vividialyzate from the blood 
of fed dogs on the secretion of a Heidenham pouch and reported occa- 
sional stimulation Their work has never been confirmed 

The first conclusive demonstration that a humoral mechanism 
actually exists u as made by Farrell and Ivy (79) when they noted that a 
subcutaneously transplanted gastric pouch would secrete in response to a 
meal This observation was confirmed by Lim, Loo, and Liu (217) with 
homo- and autotransplanted pouches prepared by vascular anastomoses, 
and by Klein and Amheim (181) uith a transplanted pouch consisting 
of the mucosa alone Finally, Gregory and Ivy (131) prepared dogs with 
a transplanted fundic pouch and a Heidenham pouch of the remainder 
of the stomach The transplanted pouch was caused to secrete m 
response to a meal and to application of secretagogues to the Heidenham 
pouch, indicating again the existence of a humoral agent When the 
pylonc portion u as separated from the mam pouch and constructed into 
a pylonc pouch, a secretion of the transplant uas still observed followng 
perfusion of the mam pouch with secretagogues, indicating that the 
pyloric antrum was not indispensable 

(3) Where is the site of action of the humoral shmulust It is definitely 
known that humoral stimuli are not mvoived in the cephalic phase of 
gastric secretion, since this is completely abolished by vagotomy, after 
which procedure sham feedingevokes no response Regarding the gastric 
phase the best evidence indicates that the local action of secretagogues 
18 not abolished by dener\ation The application of a local anesthetic 
was found by Savitsch (302) to abolish the effect Mechanical distension 
of the stomach has also been demonstrated to stimulate secretion locally 
in the absence of the extnnsic nerves Ivy and Farrell (155) and Lim, 
Loo and Liu (217) obtained this effect in a transplanted pouch, and 
Gregory and Ivy (131) observed that it was abolished in a Heidenham 
pouch by procaimzation In the case of the intestinal phase of gastric 
secretion it has been observed by Gregory and Ivy (131) that the inges- 
tion of a meal or the oral administration of secretagogues evoked a 
secretory response in their dogs both m the transplanted pouch and in 
the mam pouch after procaimzation 

It is thus apparent that the humoral stimulus is operative independent 
of the innervation of the stomach 

(4) Does a hormone mechanism for gastric secretion existt It remains 
to be determined whether the established humoral mechanism is on the 
basis of the absorption of nonspecific secretagogues or of the elaboration 
of a specific hormone or hormonelike substance and whether, if the 
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latter, it is one ^\^th histamine The importance of this last considera 
tion wll be manifest m the discussion 'sihich follows 

It has been established by numerous investigators that many of the 
most commonly employed secretagogues, such as meat extract, liver 
extract, peptone, etc , are effective stimulators of the gastric glands uhen 
injected parentcrally However, the activity of most of these is attribut- 
able to their histamine content, which is adequate to stimulate when 
given by the parenteral, but not the oral, route Kim and Ivy (178) 
found the injection of a histaminefree liver extract was very effective 
They also concluded from their observations that secretagogues might 
act by absorption from the intestine, but not from the stomach, since 
they do not disappear during perfusion into a pouch Butler, Hands 
and Iv’y (26) found that liver extract perfused into a pouch was four 
times as potent in stimulating the gastnc glands as when it was injected 
intravenously, which strongly indicated that an agency other than simple 
absorption was concerned The concept of a hormonal agent is further 
supported by the findings of Gregory and Ivy (131) m connection with 
procainisation of the pouches m their dogs They found the secretagogue 
response*! m both the mam pouch and the transplant w ere aboLshed w ben 
the mam pouch was procamtzed prior to its perfusion However, the 
application of procame to the transplant, or the subcutaneous injection 
of procame, did not prevent the transplant from secreting m response to 
the presence of secretagogues tn the mam pouch It is unlikely that 
procame acts by preventing the absorption of secretagogues, since it does 
not interfere with the absorption of such substances as ethyl alcohol or 
histamine, and likewnse, it cannot prevent secretion by poisoning the 
parietal cells, otherwise it would be effective regardless of how it was 
administered In other words, the evidence cited above indicates that 
the humoral agent is not identical with absorbed secretagogues, therefore 
it must of necessity be a hormone 

Attempts have been made to verify the existence of a hormone by 
stimulation with a nonabsorbable agent It was found by Lim, Chang, 
Hou, and Feng (218) that the feeding of broken bones in conjunction 
with a meal resulted in an augmentation of the basal secretion, some 18 
hours later This was shown to be a mechanical effect, since powdered 
or incinerated bones were without effect, and inert objects, such as 
pigs’ hoofs, hard rubber, and brass tubing were effective, and the response 
was due to a humoral agent, since it could be obtained with a transplanted 
pouch Since the bones could not be absorbed out acted nevertheless 
by a humoral mechanism, it was concluded that a hormone was'mvolved, 
and further evidence was provided by the finding that removal of the 
pyloncantrum abolished the response to bone feedmg However, the pro- 



240 


HARRY QREENQARD 


cedure was decidedly unphysiological, and the interpretation of the 
results IS questionable, especially m view of the long latent penod and the 
probability that delayed gastric evacuation or obstruction may have 
permitted the prolonged absorption of secretagogues, since the bones 
were fed with a meal 

The other hne of investigation designed to prove the existence of a 
gastric hormone has taken the form of numerous attempts to isolate the 
active pnnciple from the gastric mucosa The first such extract -nas 
made by Edkins (69) by a procedure very similar to that of Bayhss and 
Starling, namely maceration xnth hot 0 4% HCI and neutralization 
The extract was highly toxic and contained considerable vasodilatin, 
including the most poiierful known stimulant of gastric secretion, 
histamine All investigators ha\e confirmed the effectiveness of injec- 
tion of such an extract, the action of which is atropine resistant Any 
belief that pyloric extracts were specific was soon dispelled by the studies 
of Popielski (273), Rogers and collaborators (286,287,238), Tomaszewski 
(331,332), Keeton and Koch (172), and Luckhardt, Keeton, and Koch 
(227), who demonstrated that potent extracts could be prepared from 
almost any organ or tissue of the body by the same method In addition 
to their effect m stimulating gastric secretion, a lowering of the blood 
pressure and prolongation of coagulation time of the blood was mani- 
fested by all such extracts, including Edkins’ Dale and Laidlaw (43) 
compared the properties of histamine with the vasodilatin obtained from 
tissue extracts, and concluded that the two were identical Fopielski 
(274) agreed with their conception, and believed that histamine was the 
active principle in all extracts stimulating gastric secretion However, 
Maydell (235) claimed to have verified Edkins’ work in that he found 
only pyloric extracts effective in stimulating a chronic gastrostomy 
preparation, and Lim (199) stated that pyloric extracts were more active 
than cardiac, fundic or duodenal extracts Keeton, Luckhardt, and 
Koch (173), on the basis of meager chemical evidence, believed that 
gastrin as represented in their pylonc extracts was not histamine They 
noted some shght differences in regard to their precipitation behavior by 
prune and prerofonre acids 

These studies were climaxed by the isolation of a crystalline compound 
by Sacks, Ivy, Burgess, and Vandolah (290) the picrate of which was 
found to be identical with histamme picrate by a mixed melting pomt 
determination They observed throughout their punfication process 
that the vasodilatin and gastrin potencies, as well as the Pauly reaction 
for imidazoles, ran closely parallel, and found the activity of their 
extracts to be abohshed by mcubation with histaminase The parallel 
ism between gastrin and histamine assays and susceptibihty to histamin 
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a'e was confirmed bj Ga^m, McHenr}, and ^\^lson (10b), who found 
much more histamme m the fundus than in the pylorus Histamine w as 
first isolated from gastric mucosa by Abel and Kuboda (1) but the con- 
tribution cited abo\e represents the first successful effort to isolate it 
from the pyloric mucosa The eNadence obtained by the parallelism 
between \asodilator and secretory effects, and the complete destruction 
of actmty by histamina«e, is strongly presumptne cadence that hista- 
mine was the only gastnc excitant present in the extracts It is not 
conclusive, since histamine is not a specific substrate for hist fl.Trn nn.sf>, 
which IS m fact a diamine oxidase, and it may hav c destroy ed gastnn as 
well as histamine 

Recently the preparation of hi<taminefree gastnn preparations has 
been reported Komarov (188-191) employed a procedure iihicb he 
con«idered gave a concentrate of the protem fraction of pyloric extracts, 
which he effected by extraction of the minced mucosa with dilute acid, 
addition of ba«e beyond ncutraliiation precipitation of the activity with 
•»alt and acetic acid, extraction of the precipitate with 80% acetone, and 
reprecipitation of the active principle from the acetone freed extract 
with trichloroacetic acid Solution of the resulting material m methyl 
alcohol, followed by ether precipitation, was stated to give a product free 
of histamme and otherwise biologically pure, which was potent in stimu 
latmg gastnc secretion in 200 mg doses and was atropine resistant 
Extracts from the fundus of the stomach, and extraclsof Iner, were found 
ineffective An examination of Komarov’s protocols reveals that the 
gastnc secretory responses were of a very low order, and other inves 
tigators have been unable to obtain active extracts by this method 
Recently, however, Uvnas and co-workers (10,250,335-337) have pre- 
pared active extracts of pylonc mucosa by dilute acid extraction, salt 
precipitation, solution in water, and reprecipitation by tannic or tri- 
chloroacetic acids, 80% alcohol extraction of the resulting matenal, and 
i«oelectnc precipitation at a pH of 8 The product was described as 
histammefree, protemhke, heat stable, and destroyed by pepsin, 
trypsin, ultraviolet light, and alkali It was obtainable from the pylonc 
mucosfl of cat's, dogs, and pigs and was stated to <itimulate selectively the 
parietaf ceffs ft is conceivafife that Komarov anci O’vnas have isofatca’ 
a histamme hberatmg protein split product, this would account for its 
atropme-resistant behavior Fncdman and King (98) also reported the 
preparation from the pylonc mucosa of a gastrm concentrate, effective 
in a dosage of CO mg , m this quantity of matenal there was less than 0 04 
micrograms of histamine accordmg to an assay based on its effect on the 
blood pressure of the cat 

To summarize the evidence cited above, it appears that the activity 
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of Edkms’ original extract was undonbtedlj due to histamine, and that 
extracts made by such a procedure contain no other gastric stimulant 
Acceptance of the existence of an agent other than histamine must await 
full confirmation of the finding of a histammefree agent, and its concen- 
tration to an order of potency commensurate with that of histamine 
(5) Is hislamtne tniohed tn the normal gasinc secretory processt On 
the basis of what has been said above, the balance of endence indicates 
that histamine is the onlj truly potent gastric secretorj stimulant present 
in the gastnc mucous membrane Smce it is established as the most potent 
gastric gland excitant known, the question of its identitj inth the hor- 
mone m\ oh ed in normal gastnc secretion is one meriting serious con- 
sideration On the basis of what is known, a sharp discrepancy is at 
once manifest — it is generally agreed that atropine will completely inhibit 
the secretory response of a dog to a meal, and all of the mdmdual phases 
of normal gastric secretion, whereas numerous investigators have shown 
that atropine will only attenuate, but not abolish, the response of a dog 
to a single large dose of histamine This paradox is partially resoh ed by 
the finding of Kim (177) that 1 mg of atropine w^ll abolish the response 
to small doses of histamine, of the order of 0 2-0 3 mg Gray (109) noted 
that the extent of inhibition of histamine secretion depended on the dos- 
age of histamine and the rate of secretion induced, but that inhibition 
was never complete, and that atropine inhibition was not complete when 
applied to a secretory rate somewhat Jess than that obtaining during the 
intestinal phase of secretion in the same dogs, the latter being subject to 
atropine eradication Gray suggested that, if histamine is uiv olv ed m the 
normal process of gastnc secretion, atropine must inhibit its formation 
Crucial proof of the operation of histamine as the gastric hormone 
might be furnished by the demonstration of two circumstances first, 
that the histamine titer of the arterial blood is increased after ingestion 
of a meal, and second, that the humoral response is eradicable by the 
administration of histammase Macintosh (230) attempted to show an 
increase in blood histamine after feeding, as well as its mcreased concen- 
tration m the gastric juice, and was unable to do so However, his 
vtyilta T.^’re, wea after tJiA siibcwteoenjia myyitma of 

1 mg of histamine Ivy, Atlanson, and Bass (153) found no significant 
reduction in the secretory response to a meal after histamina«e admmts 
tration However, the histammase was given orally to their human 
subjects and quite conceivably was unabsorbed, or absorbed in amounts 
inadequate to be effective Attempts to inhibit the gastnc secretory 
response to histamine by the injection of histamine inhibitors such as 
benadry 1 have been in the mam unsuccessful (237,246) 

To sum up the existing status of the gastnn theory , some comparisons 
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maj be dra^ix with thee\idencemfa\orof the existence of this hormone 
as opposed to that in support of an established agent such as secretin 
In the case of secretin, the foHonmg facts are known 

(1) There is a specific area of stimulation, the small intestine 

(2) The substances {HCl, soap, peptone, etc ) which cau'ie the absorp- 
tion of the hormone from that area, do not act by bemg them- 
selves absorbed, since the most potent one, HCl, is ineffecti\e 
uhen given intra\enousl} 

(3) The effect is entirely independent of the innenation 

(4) Acti\e extracts can be prepared from the specific area which pro- 
duce an effect identical with the physiological stimulus 

^Tien the gastrin theory is subjected to a similar analysis, it is 
revealed that 

(1) There is no demonstrable specific area of stimulation The evi- 
dence favoring the pylorus is inadequate 

(2) The substances which excite the area are all actne parenterally, 
though the best eMdence indicates that m eliciting the hormone 
effect they do not act by absorption 

(3) The effects ha\e not coDclusi\ety been shown to be independent 
of the innenr ation 

(4) Actn e extracts can be prepared from any body tissue, and their 
action on injection is not identical with the normal response 

The evidence m favor of a humoral mechanism is conclusive The 
esidence m fa\ or of a hormone as the humoral agent is much less dectsn e 
Howe^er, the evidence fa\onng gastnn as a distinct entity is at present 
inadequate, although no proof exists (hat it is identical with histamine 

IV. The Sabvary Glands 

The secretion of the salivary glands is generally known to be under 
the control of nervous reflexes affecting the secretory cells, the blood flow , 
and the contractile components of the glands In support of the con- 
ception that the nervous element is sufficient m itself, Langley (209) and 
Malloizel (233) demonstrated that for a period of time after denervation 
the submaxiUary gland will not respond to so potent a stimulus as the 
application of acid to the mouth Sacks and lOm (291) confirmed their 
observations, and in addition found that acid extracts of the mucosa of 
the mouth, pharynx, and tongue failed to stimulate the flow of saliva 
when injected Several known hormones have been tested for their 
effect on salivary secretion Secretm concentrates (52,314), pituitnn 
(312), and insulin (182) have been found to be ineffective as stimulators, 
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thyroid has been reported to sensitize the secretory nerves (196,262), and 
epinephrine m large doses nnll stimulate (7,210), but this effect is merely a 
duplication of the activity of one of the components of glandular innerva- 
tion Injection of perfusates from a secreting salivary gland ha\e been 
reported to stimulate the floiv of sahva, whereas perfusates from a resting 
gland were meffectue (49,50,51,279) This action is now knowm not to 
be hormonal, but rather is due to the presence of neuromedins in the 
perfusate from the active gland 

It has been reported from various sources that the salivary glands 
produce an mtemal secretion which mflueoces carbohydrate metabolism, 
either directly or via an action on the pancreas Most of these indicate 
the presence of an insulin antagonist Several investigators (8,15,27,57) 
have characterized the effects of bilateral parotidectomy to include 
hypoglj cemia, dirmnution of induced hyperglycemia, and hypertrophy 
and hyperplasia of the pancreatic islet tissue Zimmerman and Soslan 
(358) noted that bilateral hgation of the duct of the dog’s parotid gland 
produced an increased sugar tolerance in the normal animal, but that no 
such result obtained m a dog after pancreatectomy It has also been 
stated (86,174) that many or all patients seen with bilateral enlargement 
of the parotid glands were diabetic On the basis of this apparent evi- 
dence that the parotid glands elaborate an anti insulin principle, extracts 
of the glands have been prepared, the injection of which was stated to 
produce a hyperglycemia (16,148) and, if long continued, degenerative 
changes in the islet tissue (10) However, other workers have apparently 
extracted a blood sugar-lowenng substance from the sahvary glands 
(328) and the belief is expressed by some that in the event of deficient 
insulin production by the pancreas the salivary glands operate to main- 
tain constant the blood sugar level (56,81,284) 

In view of the meager evndence presented in the work cited above 
and the discordant nature of the reports, it is impossible at present to 
assign to the salivary glands any role in the regulation of carbohydrate 
metabohsm It is certain that if one does exist, it is so minor as to be 
insignificant 

V. Urogastrone 

A few years after the discovery of enterogastrone, Sandweiss and 
co-workers (297,298) reported that commercially prepared extracts of 
human pregnancy urine contammg the chorionic gonadotropic hormone 
served to prevent or delay the onset of experimentally produced ulcers m 
dogs The possible mechanism of such protection was mvestigated by 
Culmer, Atkmson, and Ivy (40), who found such extracts to inhibit gastnc 
secretion, and it was shown by Gray, Wieczorowski, and Ivy (114) that 
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the effect was not a charactcnslic of pregnancy unne since it n as also 
obtainable from extracts of normal female and male unne Confirma 
tion of their findings promptlj appeared (99 253) and the presence of an 
mhibitor reported in the urine of patients with peptic ulcer (99a) pemici 
ous anemia (23 24) and gastnc carcmoma (99a) and also m the achlor 
hydnc gastnc juice of patients snffenng wath pernicious anemia or gastnc 
carcinoma (24) It nas likewise demonstrated to be present in normal 
dog unne as ^vell as in human unne (115) The active concentrates as 
first prepared contained p>Togenie substances in measurable amounts 
which are known to depress gastnc secretion (244 339) but a process for 
the preparation of pjrogcnfree ncti\c extracts was de\eloped by Gray 
el ol (112) and this clearly demonstrated the existence of a gastnc 
inlubitory factor distinct from pjTogen and from the gonadotropins 
which ^vas given the name urogostronc 

The ob\ious similant> m ph^siologica! effect of urogastrone and 
enterogastrone has prompted investigations mth a vie\ to determining 
whether the two were identical substances or whether urogastrone 
represented a metabolic or excretory product of enterogastrone as a 
result of which certain differences between the two have been demon 
Btratcd It has been shown that when equivalent doses based on the 
gastnc secretory inhibitory effect are admuustered the duration of 
motor inhibition is far less in the case of urogastrone as compared to 
enterogastrone obtained by the tannic acid process (111) and that the 
motor inhibitory principle of enterogastrone is destroyed by peptic 
digestion whereas such treatment does not affect the motor mhibitory 
potenej of urogastrone (142) Several studies have been made to deter 
mine whether urogastrone represents an excretory product of entero- 
gastrone The mformation yielded by these has not led to any definite 
conclusion on this particular point but has revealed several items of 
significance Thus it has been shown (41 351) that when dogs were 
completclj enterectomized there w as usually a decrease m the urogastrone 
output in the unne but this does not alwajs take place Iso decrease 
was manifested when the small intestine was removed from contmuitv 
with the ahmentary tract but left m the abdomen and when the surgical 
procedure was limited to exclusion from the intestine of gastnc and 
pancreatic juice and bile the urogastrone output was apparently aug 
mented Furthermore the urogastrone oitput in human subjects was 
found to be greater after a fatty meal than during fastmg How e\ er a 
fatfree meal caused a similar augmentation (110) The possibility that 
urogastrone operates b> stimulating tie release of enterogastrone was 
ruled out by the work of Schiffnn and Graj (304) who showed urogas 
trone to be as effective in the enterectomized dog as in the dog wath the 
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small intestine intact In other woi^, it was effective in animals 
depnved of their source of enterogastrone 

Kaulbersz and co-workers (171) prepared urogastrone concentrates 
from intact dogs, and from dogs which were ovanectomized, with or 
without thyroidectomy, or hypophysectomired The urogastrone con- 
centrates from the latter group appeared to stimulate, rather than inhibit, 
histanune-induced gastric secretion 

Urogastrone concentrates have been shown to inhibit the gastric 
secretory response to histamine m the human (116) Like enterogastrone 

they fail to inhibit the motility in a vagotomized pouch (143) An 
inhibition of the stimulatmg effect of secretin on pancreatic secretion has 
been noted, and this effect is not destroyed by boiling (128) There is 
no mhibitory effect exercised on the secretion of saliva or of urine (110) 
The effectiveness of urine concentrates m the prophylaxis and treat- 
ment of experimentally produced gastrojejunal ulcers m dogs has been 
investigated by Sandweiss and collaborators They have reported the 
pnnciple effective against the development of ulcer to be distinct from 
urogastrone (12,293 295,296) and to manifest the biological effect of 
producing fibroblastic proliferation, vascularization, and cpithehaliza- 
tion of the mucosa of the intestine This factor, designated '‘anthelone," 
was stated by Sandweiss (294) to produce protection lasting beyond the 
duration of therapy m the Mann-Wiiliamson dog, similar to that obtained 
with enterogastrone (137,151) This factor has been reported absent m 
the unne of peptic ulcer patients on the basis of the failure of extracts 
from such a source to protect the Mann Williamson dog (299), and on the 
basis of findmg such extracts to inhibit gastnc motihty m the gastro- 
stomized dog, a differentiation of the anthelone from the motility- 
mhibiting principle has been postulated (20) 
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I Introduction 

The parathyroid glands uere described in 1880 by Sandstrom, but 
their importance to the health of the organism t\as not reahzed until 
after 1891 tvhen, through Gley's rediscovery of the ‘external” pair of 
glands (77), thyroidectomies on humans and dop were made \eith the 
precaution to leave these two small neighboring glandules intact Since 
the fatal convulsive symptoms which had attended the early attempts 
at removal of the thyroid were thereby averted, some delineation of the 
function of the thyroid and parathyroid was already achieved Great 
interest was aroused in the latter glands when their relationship to cal 
cium metabolism was established in 1908-1909 by MacCallum and 
Voegtim (123,129) Despite this exquisite demonstration of the physio- 
logical role of the parathyroids, a great amount of work was done m the 
succeeding years m vain attempts to link the parathyroid in some way 
wnth the ability of the body to nd itself of obscure toxins Tliere was a 
widespread belief that the tetany seen after parathyroidectomy was due 
to the accumulation of a toxic substance 

The endocrine nature of the parathyroids and their real purpose in the 
body economy was established in 1925 by Collip and co-workers (44-47) 
They succeeded, in a close competition with several other laboratories, 
m (1) extracting an active physiolc^cal agent from the parathyroid 
glands of cattle (2) demonstrating conclusively the ability of this agent 
to restore to well being dogs that were desperatelj ill from loss of the 
parathyroid glands, and (3) by the same action, to superimpose a state of 
hyperparathyroidism on intact dogs This hormone preparation, with 
some minor modifications in the techmque of extraction, satisfied seieral 
of the practical clinical requirements which may have contributed to the 
early falling off m intensive investigation of this glandular product 
From 1925 to the present progress m parathyroid phjsiology has gone 
band in hand with developments m the much larger field of mineral 
metabolism On the chemical side, Tw^dy and co-workers have con 
tinned to explore the properties of the parathyroid hormone with the 
accepted handicap of not having the hormone in pure form In recent 
years Ross and Wood (166) have made a notable adiance in concentrat 
ing the active fraction The extensive clinical investigations by A-lbnght 
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and collaborators ha\e gone far m elucidating the derangements of 
mineral metabolism tliat accompany the various diseases of the para- 
thyroids in man, and ha\e resulted in many improvements in the diag 
nosis and treatment of these patients 

There are many reasons for believing that a revival of interest in the 
parathyroid field is certain to follow, there is m fact some evidence that 
it IS already under n aj In keeping xvith this expectation the intention 
has been, in this discussion, to provide a guide to the literature and an 
orientation co^e^ng many of the ramifications of the parathyroid 
subject matter 

n Embryology and Histology 

The mammalian parathyroid glands arc derived embryologically from 
the third and fourth pharjTigeal pouches (parathyroids III and rV,respec- 
ti\ely), and the definitive glands are located close to the thyroid gland, 
the lateral lobes of ivhich are thought to arise in part from the fifth 
pharyngeal pouch The parathyroids are composed of closely packed 
pol>gonal cells arranged sometimes in irregular clumps, or as anastamos- 
mg cords, or more rarely m tbe form of acini iMth scanty colloid There 
are occasionally tno tjpes of parenchymal cells present, ms, (1) the 
m\anably present chief (or principal) cells having unusually pale 
cytoplasm and containing nuclei nith a prominent chromatin network, 
(2) the oxyphiles larger, and ha^nog cosm staining cytopla^imc granules, 
nhich are an inconstant component appearing m the human gland only 
after childhood and never present m most animals It has not been 
possible to ascribe an> functional difference to these two types of cells 
and it is believed that the oxyphiles represent a transitional, probably 
degenerative, phase of the chief cells The absence of secretory granules 
m the chief cells is emgmatic ra view of the irrefutable physiological 
evidence that internal secretion occurs Thus far cytoplasmic granules 
have been found only in the Virginia deer (81) and while these were 
believed to represent secretory antecedents, Graffim (82) was not able to 
find a seasonal variation in the number or charactenstics of these granules 
in correlation with the annual cycle of calcium deposition in antlers 

III Anatomy 

The parathyroids are commonly four m number and are located along 
the dorsolateral border of the thyroid as a supenor and infenor pair 
(parathyroids IV and III respectively) of glands There is a great 
amount of vanation in their number and location in animals and in men 
In twenty fiv'e cadavers Hemback (99) found two to six glands each and 
only 24% of the cases had four glands Most workers have found that 
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not more than 50% of humans have the supposedly typical four glands 
In the dog and cat the superior pair of parathyroid glands is embedded in 
the thyroid, hence to insure complete removal of the parathyroids in these 
animals it has been a common practice to remove the thyroid also This 
same arrangement of parathyroids holds for man The rat has only the 
mfenor pair — parathyroid III (80) — and since these are only superficially 
embedded m the thyroid it is feasible to tenio%e thei parathyroid sepa 
ratelv (Fig 1) 


Fig l — A, picture showing the relation of the parathj roids to the th> roid gland 
in the rat and illustrating the technique of parathj roidcctomy m this species (From 
Vcah,\vi S/flTOrffgW'S?! ^ 

The parathyroids have a thin connective tissue capsule "ith delicate 
trabeculae penetrating the gland Blood is supplied to the parenchyma 
through sinusoids Cervical sympathetic fibers enter the gland and, as 
they appear to end mainly in the walls of the \essels, probablj play only 
a vasomotor role 

A Accessort Pab^thiroips 

Probably no species is completely free of so-called ‘accessory para- 
thyroids which are small clusters of typical parathyroid cells that 
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become separated from the main glands during embryological develop- 
ment Thcj may be found in the neck region along the carotid artery, 
and m the anterior and posterior mediastinum, but are most frequently 
located wilhm the thjmus gland Godwin (80) observed fragmentation 
of the parathj roid anlage in every dog embryo which he examined and 
concluded that it w ould be practically impossible to be certain of a com- 
plete surgical parathyroidectomj in this species However, m a dihgent 
cxammation of adult dogs, Reed et of (154) found accessory tissue in only 
on4 of thirtj three animals Hoskins and Chandler (106) made serial 
sections of the neck regions in embrj o, new bom, and adult rat and found 
acces«or> parathyroid tissue m only five of sixty five animals examined 
Swmgle and Nicholas (19G) were able to correlate survival in their para 
thyroidectomired cats with the finding of acces'ory parathjroid tissue 
The relative frequency of occurrence of these accessory glands is of 
considerable importance from the evpenmenta} newTioint because they 
influence to an indeterrmnable extent the ability of some animals to 
withstand paralhj roidectoray 

IV. The Effects of Extirpation of the Parathyroid Glands 
A General Effects 

The remov al of approximately one half of the parathyroid tissue does 
not produce detectable symptoms, and little (36) or no (165) com- 
pensatory h>'pcrtrophy of the remaining tissue in rats Even though the 
total amount of parathyroid tissue is extremely small — 0 102 to 0 133 g 
m man (146)— it thus represents a considerable margin of safetj The 
reactions of different animals to porathyroidecloray vary somewhat but 
the difference is largely a matter of extent rather than of direction of the 
changes 

The percentage of animals which survive operative removal of the 
parathjToid is for the dog 0 to 5, cats 20 to 50, rabbits, 67 to 87 % (Drag- 
stedt, 53) Survival is measured m terms of animals which under con- 
stant conditions either do not develop deficiency ajmptoms or develop 
them onlj transiently It is a common expenence that following extirpa 
tion of the parathyroids, if life is sustained for several days by palliative 
procedures mild symptoms of parathyroid deficiency ma> disappear m a 
small percentage of animals, thus giving credence to the belief that in the 
intenm accessory parathj’roids have assumed sufficient functional impor- 
tance to sustain the health of the animal mthout further treatment 
The survuval rates and the much-debated question of whether the para- 
thjToids are necessary for life have become practically meaningless 
With the extension of our knowledge of the dietarj requirements of such 
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operated animals it is possible to influence survival markedly This does 
not abrogate or detract from the physiological importance of the para- 
thyroids but rather places them, like the adrenal medulla, m the category 
of bodily mechanisms the mam purpose of which is to enable the animal 
to meet changing or emergency conditions and to help maintain a mmeral 
homeostasis of the mtlteu interne 

The bodily disturbances resulting from ablation of the parathyroids 
may be divided for the purpose of discussion into (1) neuromuscular 
symptoms and (2) changes in the chemical composition of the body fluids 
But It must be kept in mind that these changes are not unrelated 

B NeubomuscuIiAr Stiiptoms 

The outward signs of parathyroid deficiency as displayed by the dog 
have been carefully described by MacCallum and Voegtlm (129), Colhp 
(45), and Shelling (182), and are fairly typical of those seen in the more 
susceptible species including man About sixteen hours after operation 
the dog becomes restless and refuses food Local and intermittent 
fibrillary twitchmgs of muscles appear and these are prodromes of a 
spectacular succession of disordered and involuntary muscular contrac- 
tions which will eventually bring the animal to climactic and unrestrained 
violence (parathyropnval tetany) The t\^^tchlngs become more general 
and are followed by tremors, increased muscular tonus, unnatural pos- 
ture, and uncertain gait The body temperature rises and hypetpnea 
increases Clomc or tonic spasms appear with great suddenness and 
eventuate in severe generalized convulsions and laryngeal stndor After 
a period of one to four hours the severe symptoms abate spontaneously and 
except for slight depression the dog behaves normally and may eat and 
play In usually less than twenty four hours these symptoms reappear 
The interval between attacks decreases and the exhaustion becomes more 
severe Preterminally the animal lapses into a torpor The hmbs are 
often outstretched in steady and continuous spasticity The immediate 
cause of death is asphyxiation through spastic contraction of the laryngeal 
and respiratory smooth musculature or exhaustion Hastings and 
Murray (96) noted symptoms which point to widespread stimulation of 
the parasympathetics e g , epiphora, enopthalmos, watery nasal secre- 
tion, salivation, frequency of urination, and sexual excitement Sym- 
pathetic involvement w as registered by dilatation of the pupils, partial 
extension of the nictitating membrane across the cornea, and tachycardia 

The spinal cord transection studies of Carlson and Jacobson (38) show 
that the somatic motor disturbances giving nse to the clonic convulsions 
originate m the region of the nudbram Although the convulsive move- 
ments do not appear caudal to the transection level, hyperimtabihty and 
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twitching persist The hiTJenmlabihly is a purcl} penpheral phenome- 
non The twitches are of spinal ongin and are abolished by section of 
the \ entral roots, but not bj sectioning the dorsal roots Remo\ al of the 
cerebral cortex will lessen but not abolish tetanj Dogs show such an 
increased irritability of the phrenic nerve that the diaphragm may twitch 
with each beat of the heart (due to the action potential) except during 
inspiratorj contraction The sensitmty to painful stimuli is greatly 
reduced preterrainally 

Vomiting diarrhea and anorexia are fairly common m acute hypo- 
parathj roidism and each has a significant influence on the de^ elopment 



Fid 2 — ^Tbe effect of removal of the parathyroids OQ the atagea of neuromuscular 
transmission as exhibited by the soleua muscle of the cat Operation performed 4 
days before Indirect stimulation at 500 per aec for 10 see foUoived by rest period 
of 10 sec Top after operation no treatment blood calcium at 6 7 mg % Stages 
3b and 3c did not appear Bottom after CaC!) lojcction blood calcium at 12 5 
mg % Tracing resembles those given by normal cats (From Valenzuela Huido- 
bro and Valdfs 212 ) A code to tbe vanous stages is shown to the right of the 
tracings 

of tetany In chrome deficiency pcnstaltic stasis wth resulting coosti 
pation may aggra\ate the tetany Also m protracted parathyroid 
deficiency, cataract formation is a frequent finding m humans as well as 
m laboratory ammaU and has been known to lead to blindness within a 
few months Changes in the skin and nails of man ha\e been described 
(123) 

Valenzuela el al (212) studied the effect of parathyroidectomy on 
neuromuscular transmission using the response of the soleus muscle of 
the cat to repeated stimuli at high frequency They found that stages 
3b and 3c (Fig 2) as desenbed by Roscnblueth and Camion (1G4) did not 
appear m operated ammals, a normal response was obtained after an 
intrai enous injection of calcium chloride 
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C Changes in Chemical Composition op the Boot Fluids 
1 In Dogs 

There is a prompt and steady decline m the calcium content of the 
blood plasma following removal of the parathsToids This very notable 
advance m the understanding of the function of the parathyroid glands 
was made m 1909 by MacCallum and Vo^tlin (129) They also demon- 
strated that the symptoms of tetany in a parathyroidectomized dog were 
a direct consequence of the lowered blood calcium since the tetany was 
immediately relieved by intravenous injection of a soluble calcium salt 

The calcium in whole blood is almost entirely confined to the plasma 
About 50% of the calcium is diffusible (nonbound) and the remaining 
portion IS bound as a calcium proteinate or as a part of a negatively 
charged protein ion The diffusible calcium is either all or nearly all 
ionized Some workers agree but Schmidt and Greenberg (173) deny 
that there is a small fraction of diffusible calcium that is bound to some 
small molecule such as citrate The important aspect is that the cal- 
cium proteinate is in equilibrium relation with the ionized calcium 
McLean and Hastings (137) showed that the ionization of calcium, as 
measured by the isolated frog heart method, was determined pnroanly 
by an equilibrium between the calcium and the plasma protein concen- 
tration This IS described by the mass law equation 

They drew up an extremely valuable nomogram which expresses graphi- 
cally these relations over the rai^e of calcium values that are seen in 
normal and parathyroidectomized animals 

Not all workers are agreed on the extent to which the parathyroids 
influence the relative proportions of these fractions The evidence, 
albeit circumstantial, strongly indicates that it is the ionic calcium frac- 
tion which IS decreased by parathyroid deficiency, but the mechanism 
whereby this decrease is brought about remains in doubt There is no 
doubt, however, that a deficiency <rf calcium ions will produce hypenmta- 
bility of the nerves (Loeb, 125, Brink and Bronk, 31) The normal cal- 
cium level of the dog (and many other mammals) is 10 5 + 10 mg per 
100 ml serum Symptoms of tetany ordinarily appear when the serum 
calcium drops below the critical level of 7 mg % and dunng the convulsive 
seizures values of 3 5-5 mg % are not uncommon The kidney threshold 
for the excretion of calcium is only shghtly below the normal blood cal- 
cium level and dunng these states of severe hypocalcemia the unne is 
essentially calcmmfree The fecal calcium is reduced or only slightly 
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elevated The calcium content of muscle and other tissues is unchanged 
or slightly decreased (198) 

The decrease m blood calcium which occurs after removal of the para- 
thyroids IS not due to a lowenng o! the plasma proteins Salvesen and 
Linder (169) followed the plasma protein values m dogs from the time of 
parathyroidectomy until violent tetany had developed and found that 
the total plasma protein concentration remained constant and there was 
no change in the albumin-globulin ratio but the calcium fell off sharply 
There is then no primary loss of nondiffusible calcium These results 
indicate that the calcium deficiency was due to a loss of calcium ions 

Greenwald’a discovery in 1911 (84) that the urinary elimination of 
phosphorus was markedly decreased following parathyroidectomy m 
dogs has been fully substantiated by his later w ork (86,87) sod by many 
others He also determined that the phosphorus elimination had not 
merely been shifted toward the feces and, confronted with this definite 
phosphate retention, he sought unsuccessfully to find a commensurate 
increase m the serum inorganic phosphate He concluded (85) that the 
phosphate was stored in the tissues Largely through the work of 
Salvesen (ICS), Albnght and Ellsworth (6) and Shelling (181), it has been 
thoroughly established that there is a definite increase in the serum phos- 
phate level that is eonconutant with the fall id serum calcium following 
parathyroidectomy The normal dog has a plasma inorganic phos- 
phate level m the neighborhood of 5 rog % whereas after parathyroidec- 
tomy this may rise to 9 mg % or higher Jones (118) and Helfet (100) 
postulate that, since, in paratbyroidectomized animals, calcium ions can- 
not be mobihzed from bone to combine with the increased phosphate to 
render it inactive and excretable, the calcium ions m the serum are used 
for this purpose and tetany develops 

Hastings and Murray (96) determined, contrary to previous findings, 
that the pH and the carbon-dioxide-combinmg power of the blood were 
not altered in acute hypoparathyroidism nor was there any change in the 
alkali reserve They expressed the opinion that parathyropnval tetany 
was not explicable on the basis of an abnormal acid base equilibrium 

In acute hypoparathyroidism there is little or no alteration m the 
amount of serum sodium or potassium It is now clear that calcium and 
phosphorus metabolism are under the control of the parathyroids and 
that the adrenal cortex is responsible for the metabolism of sodium 
and potassium There is no change m the rate of excretion of magnesium 
in hypoparathyroidism (198) 

In summary, the four outstanding metabohe features which charac- 
terize the hypoparathyroid state are hypocalcemia and hyperphospha- 
temia, hypocalciuna and hypopbosphatuna 
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2 In Other Species 

In parathyroidectomized rats the serum calcium falls to or near the 
tetany level (7 mg %) but after several weeks it returns to the lower limit 
of the normal range (9 25-12 5 mg %, 205) These ammals rarely 
show more than muscular twitches with fine tremors of the forepaws 
and ears unless placed on a low calcium, high-phosphate diet, m which 
event tetany of varying seventy appears in nearly 100% of the ani m n l s 
(Shelling and Ascher, 183, Creep, 89) Cats on the other hand react to 
parathyroidectomy very much as dogs do, but an occasional animal will 
die in the acute stage without having exhibited the typical neuromuscular 
symptoms despite a low blood calcium mid high phosphate level Rab- 
bits survive in a high proportion of cases mthout symptoms, but those 
which do develop tetany have it m a particularly violent form The 
blood calcium falls wuthin a few hours after operation and the phosphate 
remains normal for a while but rises to extraordinary levels in later 
stages Herbivores m general seem to be less severely affected by 
removal of the parathyroids than carmvores or omnivores 

D Factors Which Modify Parathyroprival Tetany 
It is well known that tetany can be induced m normal ammals and 
man by a number of measures, some, such as steatorrhea and rickets, are 
associated mth a fall m the total blood calcium level, and others are not 
Of the latter, over-ventilation, excess vomiting, and excess sodium car- 
bonate ingestion cause a distinct alkalosis Recalling the chmcal features 
of acute hypoparathyroidism, it will be obvious that the tetany associated 
with this disease may be subject to considerable modification The nse 
m body temperature to 105-6”F m parathyroprival tetany leads to 
hyperventilation which through uncompensated carbon dioxide deficit 
results in alkalosis Vomiting entails a further loss of acid Warm 
environments aggravate parathyropnval tetany and cooling has the 
reverse effect Through the work of Hastings and Murray (96) and 
McLean and Hastings (137) it is no longer tenable to assume that because 
of the alkalosis there would be a reduction in ionic calcium of the blood 
Injections of neutral or alkaline sodium phosphate lower the blood 
calcium and produce tetany m normal animals and are very effective in 
symptomfree parathyroidectonuaed rats If acid sodium phosphate 
solution IS used tetany does not appear even though the blood calcium 
level IS lowered and the excretion of calcium is increased 

Lactose or dextrin feeding helps to prevent tetany after parathyroid- 
ectomy The reasonable assumption is made that calcium absorption is 
facilitated by a more acid fermentation m the gut and perhaps due to the 
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resulting acidosis less calcium is returned to the gut The production of 
an acidosis by injection of dilute HCl (214) or ammonium chloride is 
known to relie\e tetany Tetany m man ma> appear also as a result of 
steatorrhea Here the absorption of vitamin D from the gut is largely 
precluded and this contributes to a lowering of the blood calcium 

Roby et al (161) found that previous tagal section made just above 
the diaphragm greatly attenuated the neuromuscular symptoms following 
subsequent thyroparathyroidectomy They noted that a hemocentra- 
tion appeared at low calcium levels and in a further analysis of this 
reaction (148) found a nse m scrum proteins, a decrease m serum potas- 
sium, and no sigmficant change in serum sodium Their dogs persisted 
in pawing at the head and whimpering which suggested that they may 
have had severe headache 

V. Physiological Activity of the Parathyroid Hormone 
The endocrine nature of the parathyroid glands was established by 
CoUip 8 demoMlration in 1925 that an extract of these organs contained 





Fio 3— Constructed curves sbowuig tbe typical blood calcium response m the 
intact dog injected with parathyroid hormone and demonstrating tbe relationship of 
the response to the dosage (From Coil p 45 ) 

an active pnnciple that would raise the serum calcium level in normal or 
parathyroidectomized dogs (47) and that there w as a fair proportionahty 
between dose and response (45) within the hmit of tolerance (see Fig 3) 
For a given dose the maximum effect on blood calcium was reached in 
fifteen to twenty four hours if the injection was made subcutaneously or 
intramuscularly, and m four to eight hours if given intravenously, the 
hormone apparently is not active by the oral route, contrary to Colhp’s 
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early expenence The maximum effect is not sustained and the calcium 
values gradually return to normal The mechamsm whereby this 
response was brought about has not been elucidated Of the many 
hypotheses so far advanced two continue to ment consideration and 
these ate sufficiently at odds to enliven speculation and stimulate investi- 
gation The protagonists of the bone cell theory headed by Selye (178, 
179) and by McLean and Bloom (135) believe that the parathyroid hor- 
mone controls the rate and direction of mineral exchange between bone 
and blood by altering the number and metabolic activity of the osteo- 
clasts primarily, and also the osteoblasts, changes m the blood and nnne 
levels of calcium and phosphate are secondary The other school led 
by Aibngbt maintains that this hormone acts first on phosphorus metabo- 
lism in such a way as to increase the renal elimination of phosphate 
There then follows a lowered blood phosphate which allous the blood 
calcium to use and when the kidney threshold is exceeded calcmm appears 
m the urine In consequence of this loss of calcium phosphate the min- 
eral reserves (bones) are attacked through a chemical solution of bone 
salts As to how this latter step occurs there is a plethora of speculation 
but little concrete evidence It is hoped that the present interest in 
phosphatases, especially those found m bone and blood, may help in 
bnngmg some enlightenment on this subject 

Hon ever produced the ultimate effect of parathyroid hormone (PTH) 
IS to raise the serum calcium level In parathyroidectomized animals or 
man this nill restore nerve and muscle irritability to normal and in the 
intact organism it will suppress nerve imtabihty through the mobilisation 
of an excess of calcium, presumably calcium ions An increased absorp- 
tion of calcium from the gut cannot be invoked to account for the hjqjer- 
calcemia following PTH injections, since neither complete removal of the 
gastrointestinal tract nor evisceration mil prevent the influx of calcmm 
into the blood (192,197) In mineral balance studies on patients, 
Albnght et al (7) found no consistent change in the fecal excretion of 
calcium after PTH therapy They concluded that PTH, imlike AT-IO 
(dihydrotachysterol) and vitamin D, does not increase the absorption of 
calcium from the gut 

The calcium content of the body tissues shows no sigmficant altera- 
tion after PTH admimstration except for an increase in the kidney and a 
pretermmal, slight increase in heart muscle and liver According to 
Thomson and Collip (198), the fecal calcium is definitely elevated and 
there may be a slight increase in fecal phosphorus 

It is an accepted fact that PTH causes a striking and prompt increase 
in the excretion of phosphorus (5,61,88,126) The latter author (Logan) 
found within one hour after an injection of 34 1/ 5 F units of PTH mdogs 
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a distinct increase m phosphate excretion It has also been shown by 
Tweedy et al that the increased excretion of radioactue phosphorus 
(P”) which IS produced b> PTH m rats was discernible at one hour and 
appeared to start immediately after the PTH injection (204) In 
thjToparathyroidectomired rata PTH produceil an increase of twofold or 
more in the excretion of P” over that of operated controls (206) 

Reductions in the serum inoi^anic ph<»phorus following PTH admin- 
istration have been found in rats (J20), dogs (35, S3), and man (5,6,73) 
The depression of serum inorganic phosphorus level occurs slowly and is 
seldom very striking However, readings of 0 5 mg % have been 
recorded in man as against the normal level of 3-4 mg % In Logan’s 



Hours 

f la 4 — Showing the blood caicium And blood inorganic pliosphorus curves pro- 
duced in the normal dog subjected to repeated injections of PTH Time of the injec- 
tions indicated by the arrows (From Collip, 45 ) 

study (12G) of the early changes he detected a fall of inorganic phosphate 
m some of his dogs within one hour after an intravenous PTH injection 
Since the blood calcium increased m this time whether or not the phos- 
phate fell, he believed that active solution of bone salts may also have 
taken place in the first hour 

The effects of repeating PTH injections at approximately four inter- 
vals are cumulative and m dogs lead to death usually in thirty six to 
forty-eight hours Serum calcium under these conditions nses to a 
maximum of 20 to 23 mg % and then falls somew hat The serum phos- 
phorus declines during the first several hours, then begins to increase 
(Fig 4) and with the development of anuna reaches extremely high level 




(Esau and Stoland, OSa) The excretion of calcium, phosphate, and 
nitrogen increases i ipidlj J he ratio of nitrogen to phosphorus decreases 
indicating that the phosphate is not all coming from endogenous protein 
metabolism The nonprotem nitrogen and urea content of the blood 
rise in parallel fashion, thus indicating that toxic nitrogenous compounds 
are not accumulating Late effects are diarrhea, vomiting, lassitude, 
anuria muscular atonj and coma The blood becomes exceedingly 
V iscous the osmotic pressure increases, and there is dehydration, circula- 
tor> failure, and a terminal acidosis At postmortem, calcium deposits 
are often seen in the kidnejs walls of \esscls, bronchi, alveoli, and else- 
where indicating renal failure (109 and 
other*) The alimentary tract is congested 
and there may be blood m the lumen (35,45) 
The reactions can be duplicated by paren 
teral administration of excessive amounts of 
a soluble calcium salt A single acute injec- 
tion of calcium gluconate causes instant 
death due to cardiac arrest but when toxic 
amounts are given slowly the blood becomes 
\iscou3 and fatal cardiac anoxia ensues (20) 
Excess dosage with parathyroid hormone 
causes demmeraUtation of bone In rats, 
guinea pigs dogs and humans the bones show 
marked resorption (3,112,113,114,116,117) 
and replacement with hbrous tissue Spon 
taneous fractures and bowing of bones have 
been observed in rats (Fig 5) and dogs, and 
in hyperparathyroidism of man severe skele- 
tal deformities and fractures have often been 
described The demineralizing action of 
PTH IS greatly enhanced by partial nephrectomy (144) 

Cats are very resistant to intensive PTH treatment and apparently 
are able to make the necessary excretory adjustments Rabbits show a 
hypen^fcenti'S bat iicr !stc iaervase fit bbtad ph<ispbafvs Tbe rabbit .’J 
also peculiar in that it is very difficult to protect it against the appearance 
of tetanj by giving parathyroid hormone, this must be given early and 
in huge doses to be effective The mouse guinea pig, and fowl are highly 
resistant to such parath 3 Toid poisoning Kozelka (121) found that 
rachitic dogs developed only mild tetany after parathyroid ablation and 
that PTH did not give effective relief whereas intravenous calcium 
gluconate did 

For additional insight on the mode of action of PTH it is important 
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to knon whether the serum calcium level can be raised by PTH m the 
complete absence of the kidneys If so, then an induced phosphate 
excretion is not a prerequisite to the calcium raising effect as Albright 
and co-i'orkers belie\e Ti\eedy, McJunkm and co-workers (134,207, 
208,209) were unable to obtain a raise in scrum calcium wnth PTH m 
bilaterallj nephrectomized dogs and rats Neufeld and Collip (141) 
were able to confirm these findings and to show that PTH would not 
produce an elevation m scrum calcium level after renal function had been 
completely eliminated by various means in rats, cats, and dogs They 
furthermore were unable to obtain a rise of serum calcium writh PTH if 
by continuous infusion of acid sodium phosphate they prevented the 
blood phosphate level from falling These results are especially notable 
in that they led Collip to renounce his earlier adherence to the bone cell 
theory m favor of the vnew that the primary action of PTH is to facilitate 
the excretion of phosphate The latter alternative, however, is not 
established by these experiments except in the negative sense, for the 
data do not show that PTH causes an increase in phosphate excretion 
What these various studies prove is that blood calcium is not increased 
by PTH if the flow of urine is stopped in otherwise normal dogs Tweedy 
et al (208) asserted that oephrcctoroy protected dogs from fatal FTH 
overdosage Ellsworth and Futcher (62) found an increase of 2 to 4 
mg % in the serum calcium level of nephrectomized dogs with massive 
doses (700 umts) of PTH, and Stoerk (194) was able to maintain a normal 
serum calcium level in nephrectomized rats with PTH after the para- 
thyroids had also been removed He considers this as evidence that PTH 
mobilizes calcium m the absence of the kidney, and maintains with 
seeming justification that with nephrectomized animals it is not to be 
expected that PTH will easily supenropose a calcium increment upon the 
normal calcium level because of the pyramiding amount of phosphate 
being retained It has also been found that calciferol, like PTH, will 
mobilize calcium in nephrectomired-parathyroidectomized rats (210), 
providing a normal blood Ca/P ratio is maintained by controlled mineral 
intake However, Tweedy et al believe that the response is mediated, 
not by mobilization of calcium from bone., but bv restrictin.g the fecal 
excretion of calcium Monahan and Freeman (138) found that the 
serum calcium of nephrectomized dogs fell about 50% following removal 
of the parathsToids 

Studies on the relation of the parathyroids to the renal clearance of 
phosphate and creatine have yielded opposing results Fay el al (64) 
found these clearances were not affected over an extreme range of para- 
thyroid function Logan (126) found no change m the urinary excretion 
of creatine or creatinine after PTH injections until probable kidney 
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damage had occurred Harrison and Harrison (97,98), on the other hand, 
noted that the ratio of maximum tubular resorption of phosphate was 
decreased by PTH and that the serum inorganic phosphorus uas thereby 
reduced An induced acidosis, however, produced an entirely similar 
tubular effect That parathyroidectomy reduces the renal excretion of 
phosphate through a purely renal effect is strongly indicated by the cross- 
circulation technique employed by Brull and Carbonesco (32) 

It is obvious that considerable evidence has been aligned for and 
against a primary renal action in the parathyroid regulation of mineral 
metabolism On the basis of this evidence, how ever, it seems reasonably 
clear that the ability of PTH to mobilize calcium is greatly impaired in 
the absence of the kidney A true hypercalcemia has never been pro- 
duced in such animals It should be kept in mind that many progressive 
adverse biochemical changes occur m the body when the kidneys cease 
to function (58,215) 

Aside from the observations on the bIoc>d calcium level, osteoclast 
proliferation and osseous resorption have been noted m nephrectomized 
rats after PTH treatment (48,110,179,194) The fact that nephrectomy 
alone produced changes in the same direction, although less pronounced, 
makes it difficult to evaluate this reaction accurately Hemoval of the 
parathyroids does, however, prevent bone resorption following nephrec 
tomy (179) 

The evidence favoring the bone cell theory of parathyroid function 
cannot be lightly dismissed It might be suspected from the above 
discussion that the shifts m blood levels and excretion rates of calcium 
and phosphate occur more rapidly after PTH administration than could 
be accounted for on the basis of a histological change in the bone tissue 
On the contrary these changes appear to coincide quite well McLean 
and Bloom (135) found an extensive proliferation of osteoclasts and 
widespread destruction of osteoblasts at six hours after injection of a 
massive dose of PTH m growing rats At tw elve hours the changes were 
conspicuous and a picture of osteitis fibrosa generalisata was already 
present at twenty-four hours In a further histological analysis of the 
'if. h/aoA ssJ.t's. to. tw-ated s's.ts. and these 

authors (136) were able to demonstrate in sections of undecalcified bone 
the passage of bone salt from disintegrating trabeculae to the venules of 
the marrow The bone salt and organic matrix were resorbed simul- 
taneously under the local influence of osteoclasts The bone salts m 
particulate form and in aggregates of crystals w ere partly free and partly 
in the macrophages of the marrow m the spongiosa The osteoclasts 
w ere not themselves phagocytic but were often seen to be surrounded and 
obscured by crystals removed through local cellular action (lacunar 
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resorption) The calcium phosphate la the macrophages may have been 
m the form of a colloidal calcium phosphate Gersh (71,72) found that 
colloidal calcium phosphate introduced into the blood stream ivas taken 
up by the macrophages of the liver and spleen A similar phenomenom 
«as seen when rats were injected with parath>TOid extract and simul- 
taneously given calcium or phosphate lona in adequate amounts to exceed 
the solubility product of insoluble calcium phosphate McLean and 
Bloom (136) have also made the very suggestive preliminary observation 
that the resorption of bone, under the influence of parathsroid hormone, 
continued long after the plasma and presumably the tissue fluids had 
become supersaturated vnth the salt Herein, however, hes a weakness 
of the bone cell theory Since both calcium and phosphate are resorbed 
one should presumably find a hyperphosphatemia as well as a hyper- 
calcemia but the fact is that a hypophosphatemia develops in hyperpara- 
thyroidism 

After Pugsley (151) found that the increased blood and unne calcium, 
m rats receiving daily injections of PTH, returned to normal values 
within ten days, Pugsley and Selye (153) were able to show that this 
event coincided with the disappearance of osteoclasts, reappearance of 
osteoblasts, and the resumption of bone deposition The question of 
the possible dev clopment of an immumty to the extract at this time has 
been considered but there is no evidence available on this point 

It IS regrettable that the morphological and chemical changes pro- 
duced by PTH have thus far almost invariably been pursued independ- 
ently The necessity of integrating these approaches is obvious and the 
lack of such collaboration has already amassed a backlog of futile 
effort 


A Miscellaneous Effects of PAnAXHYRoiD Horsione 
Parathyroid hormone has a distinct diuretic action and has been used 
occasionally in the management of nephritis Shellmgefof (184)showed 
that dehydration was an important aspect of parathyroid poisoning and 
protection w as afforded by the simple expedient of replacing the fluid and 
thsst 

The concentration of serum magnesium is decreased m hyperpara- 
thyroidism (34) while the rate of excretion remains at the normal level 
(199) or IS somewhat increased (126) 

In dogs the volume of gastric juice and total gastric aadity is lessened 
by PTH (14,172) The effectiveness of PTH m mobilizing calcium is 
greatly diimmshed in Eck fistula d<^ (124) Gastnc motihty dimimshes 
only after severe calcemia is estabh^ed (163) PTH has no sigmficant 
effect on the foliowring basal metabohe rate (191), blood pressure, blood 
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protein concentration, and blood chlondes (19S) There is an increased 
excretion of calcium in the bile in ammals receiving large doses of PTH 
( 120 ) 

Cataracts are often seen m parathyroidectomized animals and in man 
with idiopathic or operative hypoparathyroidism of long standing The 
view that parathyroid hormone therapy is more apt to prevent the 
appearance of cataract than other blood calcium raising measures has 
been abandoned, as has the possibility that senile cataract may indicate 
failing parath 3 TOid function (3) 

To summarize the histological and chemical changes in the body 
which result from an excess of the parathyroid hormone have been fairly 
thoroughly investigated but a great amount of n ork remains to be done 
before we shall arrive at a clear understanding of how these several 
phenomena are brought about and lo what order Possibly too much 
emphasis has been placed on what event is primary It would not be 
surprising if it should turn out that the parathyroid hormone has more 
than one focal action, t e , it may directly stimulate the proliferation of 
osteoclasts on the one band and at the same time directly increase the 
urinary elimination of phosphate 

On the metabolic side one finds in hyperparathyroidism the reverse 
of the changes seen in hypoparathyroidism Calcium and phosphorus 
excretion is increased, the calcium content of the blood plasma is elevated 
and the blood phosphate drops gradually to a subnormal level 

VI. Extraction, Punficabon, and Some Chemical Characteristics of the 
Parathyroid Hormone 

The raw matenal used in extraction procedures has consisted of fresh 
frozen, defatted parathyroid glands (bovine) or of acetone-dessicated 
powdered glands The initial extraction procedure has m all instances 
(44,94,166 202) consisted of boiling the glandular tissue in dilute acid 
Three to 5% HCl has been widely used but Allardyce (8) has shown that 
about 15% HCl is optimal The active agent is not removed by extrac- 
tion with neutral or alkaline aqueous and alcoholic solutions whereas acid 
aqueous and alcoholic extracts contain the active agent (94) The hor- 
mone IS apparently destroyed by enzymes during extraction unless hot 
acid solutions are used 

Much inactive matenal can be removed by adding alcohol to 80% by 
volume at pH 4 or by making the extract alkaline with NaOH, to dissolve 
suspended matenal, and subsequently lowering the pH to 6 5-5 6 with 
HCl An active fraction may then be remov ed from solution w ith ether, 
trichloroacetic acid or by the fanuhar salting out procedures These 
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ether and tnchloroacetjc acid preapitates can be dried and cashed with 
acetone, ether, or chloroform and are usable as a crude extract Tweedy 
finds that resuspension in four to five volumes of acid alcohol and repre- 
cipitation ^sTth ether yields a product having better solubility in the 
aqueous injection media Collip extracts the salted-out fraction in eak 
alkali, centrifuges, and, ^ith addition of acid to the supernatant, he pre- 
cipitates the active material at pH 4 8 (so-called “isoelectric point”) 
This precipitate, dissolved m HCl solution at pH 3, is put through a 
Berkefeld filter and standardized for use 

Others w ho hav e prepared extracts of this gland are Hjort et al (104) 
and Fisher et al (65) The crystalline product which Berman (21) pre- 
pared and which he claimed would raise the blood calcium m rabbits is 
regarded with skepticism m view of the erratic behavior of rabbits to 
injections of parathyroid extracts of proven activity 

Ross and W ood (IGO) suspended a 50 g aliouot of their original 
extract (N content 11-13%) m 400 ml water and added ammonium 
hydroxide to pH 8 After adding an equal volume of 2 5 il/ ammonium 
sulfate the pH was lowered to 5 9-6 0 with molar HsSO. The heavy 
precipitate was suspended in 250 ml water, dilute ammonium hydroxide 
added to pH 8, and 25 M ammonium sulfate was added to bring the 
suspension to 1 25 M concentration A precipitate came down rather 
sharply at pH 6 9-6 0 This last step was repeated three times and the 
final precipitate suspended in ISO ml of water, dialyzed m revolving 
cellophane bags until nearly sulfatcfree and put into solution by adding 
dilute HCl to pH 3 6 This clear browm solution contained on the aver- 
age 473 mg N with an average total activity of 49,500 U SP umts (see 
Section VIII) This preparation was further purified by precipitation 
with benzoic acid from which the active material was separated by 
extraction wnth ether The cther-insoluble residue was dissolved in 
dilute acid, dialyzed, and adjusted to pH 3 5 This material has a total 
nitrogen content of 12 6-13 1% and an activity rating of approximately 
300 U SJ* units per mg nitrogen 

That the parathyroid hormone is of protein nature seems fully sub- 
etsatasted its’ the /ca’ikrnTflg' ebsensttees 

(1) The xanthroproteic, Millon, biuret, ninhydnn, and Hopkins 
Cole tests for protein arc all positive 

(2) The activity of the hormone is destroyed by pepsin and trypsin 

(3) The hormone is precipitated by the ordinary protein reagents 

(4) Alkaline or acid hydrolysis causes inactivation With gradual 
acid hydrolysis the increase in free ammo mtrogen is closely related to 
the loss of physiological activity (207) 
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(5) The ultraviolet absorption spectrum (166) js almost identical 
with that of some other substances known to be protein 

It IS not established that the protein m the extract is the hormone, 
but the general belief that this is true is strengthened by the absence of 
any evidence on which to base a contrary view and by the following sup- 
portive findings (45,166,202) 

(1) The activity is rapidly destroyed by proteolytic enzymes 

(2) The chemical composition and activity are unaltered by repeated 
isoelectric precipitation 

(3) Small polar groups are not separated from the hormone by elec- 
trodialysis 

(4) The ultraviolet absorption spectrum shows no indication of the 
presence of chromophonc prosthetic groups 

(5) Adsorption on and elution from permutite does not result m a 
concentration of the activity 

There is no question that the best preparations are inhomogeneous 
The fact that the isoelectric points vary from preparation to preparation 
indicates the presence of contaminating inert protein matter Further 
more in a sample subjected to ultracentnfugation by Ross and IVood 
(166) two components could be identified, one nith molecular weight of 
600,000-1 000,000, another (65% of the protein and over 50% of the 
activity) of molecular weight 15 000-25,000 It is also pertinent in this 
connection that some activity is lost on dialysis against running water 
(166) Thomson and Colhp (198) state that the hormone is not dia- 
lyzable through collodion The behavior of the purified preparations in 
the Tiselius electrophoresis apparatus has not been determined (see 
addendum pp 293,294) 

The hormone is not of the nature of a glucopiotem as is indicated by 
the fact that the Mohsch test for carbohydrate was negative (45,166) 
The orcmol-HCl test for pentose was likewise negative 

Vn StabUity, Solubilify, and Other Charactenstics 
of the Parathyroid Hormone 
A Stadility 

The parathyroid glands can be stored for at least a year in a dry state 
or as frozen fresh glands without apparent loss of activity The activity 
of the extracted hormone is best retamed in slightly acid (circa pH 3-5) 
media and is slowly lost on standing in neutral or alkaline solution The 
hormone is stable to treatment with mineral acids and can be safely boded 
for at least an hour ra concentrafaons of HCl not exceeding about 5% 
The activity is completely lost after boiling for one hour m either 10% 
HCl or 5% NaOH (46) 
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B Solubility 

Collip’s best preparations precipitate at pH 4 8 and redissolve in 
either more alkalme or acid solutions Allardyce (8) finds that the hor- 
mone precipitates at pH 4 8 only if this is approached from the acid 
side, approached from the alkaline side, the precipitate forms at pH 6 
Tweedy and Tongne (211) give the isoelectric point as 5 8 The more 
active preparation of Ross and Wood (J66) precipitates at 4 5-5 from the 
acid side and does not redissolve until extremely alkaline solutions are 
reached Re-solution occurs at pH 5 from the alkalme side 

The active fraction is soluble in water, saline, aqueous alcohol, 94% 
acetic acid, concentrated warm phenol, or orthocresol, and in warm 50% 
glycerol It is insoluble in absolute ethyl, methyl, or butyl alcohol, 
ether, benzene, pyndine, anhydrous acetic acid, methyl salicylate, and 
carbon tetrachloride (202) 

C Inactivatios 

Some information as to the composition of the hormone and the 
importance of specific radicals or groups to physiological activity has 
been gamed from the inactivation and reactivation studies m Tweedy's 
laboratory Activity is destroyed by formaldehyde, acid ethyl and €cid 
methyl alcohol, strong alkali, nitrous acid (one hour, 36 4% deamination), 
hydrogen peroxide, and potassium permanganate Partial reactivation 
vras achieved after the formaldehyde and acid alcohol inactivation 
The activity was not destroyed by HjS, sodium sulfite, sodium 
amalgam, catalytic hydrogenation, or by reduction with sodium in liquid 
ammonia (a powerful reducing agent) Wood and Ross (216) produced 
inactivation with ketene and the activity was not restored on hydrolysis 
of the 0 acetyl residues Although these observations cannot be strictly 
interpreted because of the impure nature of the extracts and lack of 
information about the hormone molecule they do suggest that (1) the 
hormone is stable to reducing agents and unstable to oxidizing agents, 
(2) ammo groupsareessential to the activity of the molecule, (3) disulfide 
linkages are not present 

With acid hydrolysis (boding in 0 05 W HCi up to seventeen hours) the 
loss in potency parallels the increase m free anuno (207) mtrogen Inter- 
est in the mtrogen-contaimng groups was increased by the experience of 
Tweedy that variability m potency could not be attributed to vanation 
in the mtrogen partition as determined by the Thimann procedure (177) 
Collip’s preparation contains a trace of sulfur (198) and that of Tw eedy, 
Bell, and Vicens-lUos (203) has 0 20%, which they could not identify as 
cystine sulfur 
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Parathyroid hormone has many properties w hich indicate a similarity 
to insulin It has not been possible, however, to apply the procedures of 
Abel and co-workers (1) for the final concentration and crystallization of 
insulin successfully to parathyroid hormone A further difference in 
these substances is that the activity of insulin is destroyed by reducing 
agents (115) whereas PTH is extraordinarily resistant in this regard 

Vm Yield and Activity 

The average yield by Tweedy’s method of extraction is approximately 
0 44% calculated on the basis of w et glandular w eight, or 4-5 % calculated 
on a dry weight (protein) basis Ross and Wood (166) obtained a yield 
of roughly 40% after benzoate absorption calculated on the basis of their 
original crude fraction as starting materia! The yield varies greatly 
from preparation to preparation using the same technique, and between 
different extractive techniques The yields as given are regarded as 
unpredictably high and imply the presence of inert protein The Collip 
and Clark preparation (46) has activity of 110 U SP units per mg N, 
that of Boss and Wood (16G), 300 USP units on the same basis The 
Tweedy preparation hsis an activity of about half that of the Colhp and 
Clark preparation as calculated by Ross and Wood The nitrogen con- 
tent as given by Thomson and Collip is 15 5%, by Tweedy 14 74, and by 
Ross and Wood 12 6-13 1% 

The U S Pkarmacopoeta XIII umt is defined as 0 01 of the amount of 
extract required to raise the serum calcium of not less than ten dogs 
weighing 8-16 kilos, an average of 1 mg % within 16-18 hours after sub- 
cutaneous injection The Collip unit is 0 01 of the amount which mil 
produce an average increase of 5 mg % in the serum calcium of normal 
dogs of about 20 kg in 15 hours after subcutaneous or intramuscular 
injections The Hanson umt (95) is 0 01 of the amount required to pro- 
duce a 1 mg nse in serum calcium of a parathyroidectoimzed dog wnthra 
6 hours 


IX Assay Methods 

It IS universally agreed that none of the methods thus far proposed 
for assaying parathyroid hormone is satisfactory in terms of accuracy, 
simplicity, and economy The deviations m serum calcium level in 
normal or parathyroidectomized dogs M used by the early workers are 
standard procedures (46) Thomson and Collip (198) maintain that 
there is no essential difference m the response of normal and operated 
dogs Hanson (95) feels that the response of the latter is less variable 
Sex IS apparently not a factor The two variables which influence the 
response most markedly are body weight and individual sensitivity 



^^I PHTSIOLOGT AND CBEMISTRY OF PARATHTTIOID HORMONE 277 

Ross and Wood (166) seJect dogs trf approxjnjately the eatne "(reight and 
disregard the weight factor The indmdun} sensltl\^ty can be dealt with 
by using the same animal succcssiv ely for a companson between prepara 
tions, or bj relating the response m a gi\ en animal to that produced by a 
standard sample ^\^llle attention to the diet of test animals u ould seem 
an important consideration, it has been generallj disregarded, as has the 
interv al between tests on a gnen dog Ross and ood (1C6) suggest the 
use of sue to ten dogs, but Bliss and Ribc (22) bj statistical analysis, 
find that this number is inadequate to establish a standard deviation of 
10% The age of the dog is also important, Collip (45) has found that 
young dogs are more sensitive than old ones The assay is also com- 
plicated by the fact that scrum calcium changes appear to be more easily 
ehcited near the normal calcium level in normal dogs than, for example, 
above 16 mg % Assaj-s mvoh ing blood calcium m rabbits (93) and rats 
(201), and unnaiy calcium excretion of rats (59) offer little promise 
Gellhom (70) recommends using the increased height of muscular con- 
tractions that PTH will produce when added to the perfusing fluids m a 
frog leg preparation 

X. The Parathyroids m Relation to Other Endocrine Glands 
A PrnnxART 

Several authors claim to have demonstrated increased mitotic activ- 
ity, hypertrophj , or an increased functional activity of the parathjTOids 
after injection of various crude extracts of the anterior lobe of the pitui- 
tary (24,91,102, and others) The slight elevations m serum calcium 
values which have been obtained in dogs, cats, and guinea pigs after 
pituitary treatment (10 67,08) are of dubious sigmficance Snjder and 
Tweedy (190) used the same pituitarj preparation as Fnedgood (67) and 
found no change m the scrum calcium or inorgamc phosphorus m rats 
Campbell and Turner (36) injected sev eral species w^th massiv e doses of 
several tjqies of pituitary preparations and found no change in the weight 
or mitotic index of the parathyroids 

Houssay and Sammartmo (108) claim to have observed degenerative 
lesions m the parathyroids of 66% of their hypophj’sectomized dogs 
In a careful histological examination of the parathyroids from monkeys 
that had been hypophysectoraized in P E Smith’s laboratory, Baker 
(15) found no significant variation from the glands of intact monkeys 
Smith (189) briefly mentioned that the parathyroids shared in the 
atrophic changes seen in rats after pituitary oblation Carnes et at (39), 
however, found that hypophysectomised rats were able to mamtam 
normal serum calcium and phosphorus levels even when under the stress 
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of a lo^-calcium diet, ^ith both the pituitary and parathyroids out, the 
rats reacted the same as parathyroidectomized animab The response 
of Xenopus laems to PTH uas not impaired by hypophysectomy as 
measured by the fall m plasma morgamc phosphate (176) AIbnght (3) 
states that in hypopituitarism one does not find clinical evidence of 
functional deficiency of the parathyroids On the other hand, para- 
thjToid adenomas are sometimes associated w ith pituitary tumors (90) 

B Gonads 

A sex difference m the relative weight of the parathyroids has been 
found only m the rat (23,36), the brown leghorn (119), and m man 
(75,146), the relatively heavier glands were found m the female The 
parathyroid glands of nulliparous n omen are as large or larger than those 
of multipara according to the data of Pappenheimer and Wilens (146), 
thus shoeing that m this species pregnancy is not responsible for the sex 
difference Gonadectomy apparently hi« no effect on the parath>Toids 
(36,143) The intense calcemia produced in pigeons by estrogen is not 
mediated by the parathyroids since the effect is obtained in the absence 
of these glands (159,160) Campbell and Turner (36) found no increase 
m mitoses m the parathyroids of clucks treated with estrogen Andro- 
gens do not influence the calcium level of birds (132,159) Kathanson 
et al (140) thought testosterone stimulated mitotic activity in the para- 
thyroids of female rats, but this observation uas not confirmed by Camp- 
bell and Turner (36) 

C Adrenals 

It has been claimed that normal rats shoi^ a greater calcemia and 
calciuria after PTH injection than do adrenalectomized rats maintained 
on salt (152), also that removal of the adrenals from seventeen-day rat 
embryos results in enlargement of the fetal parathyroids at normal 
term (200) 

D Thyroid 

Ihe absence efi Vue Vnyroid does not modfiy Vhe response tfi "riAi tt* 
PTH (179) nor does hyperthyroidism m dogs (127) In man hyper- 
thyroidism leads to a striking increase in the urinary excretion of calcium 
and phosphorus without altering the blood levels, as shown by Aub 
et al (13) They also found x-ray evidence of bone resorption after 
prolonged hyperthyroidism The calcium excretion in myxedematous 
patients was markedly less than in normal individuals Logan et al (127) 
found that thyroid treatment did not increase the calcium excretion in 
thyroparathjTOidectomized dogs As they point out, these negative 
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findings are not conclusne because of the initially low blood and urine 
calcium Ne\ ertheless the experiment suggests that the effect of the thj - 
roid on calcium metabolism maj be mediated through the parathyroids 

XI The Bearing of Dietary Mmeral Intake, Pregnancy, Lactation, and 
Renal Inadequacy on the Regulation of Size and Functional 
Activity of the Parathyroids 

The importance of undemtandiog the circumstances » hich « lU bring 
about an increase or a reduction in gland size is well recognized It is a 
general truism that endocrine organs undergo a compensatory adaptation 
to the demands made upon them The observation of Rosof (165) that 
m rata the parathyroids do not undeigo compensatory hj'pertrophj 
following partial parath>TOidectom> was not crucial in that numerous 
isolated obsen ations have showm that such animals ha\ e no detectable 
physiological parathj roid deficiency It is generally accepted, how ei er, 
that the parathyroids undergo h>pertrophy dunng pregnanej lactation, 
rickets, and renal insufficiency The laiger objects o of a number of 
studies has been to find a common denominator to this stimulatory 
reaction It seems fairly certain that the parathyroids arc not regulated 
by the hypophysis, nor does it appear at present that they are under the 
direct or indirect control of any other eodoenne gland There is likewise 
no evidence that the parathyroids are regulated by a ner\ ous mechanism 
The parathjTOids function perfectly as autoplastic grafts w ith no innerva- 
tion (196) Dragstedt (54) stimulated the cerxical sympathetics for 
hours without altering the blood calcium or phosphorus levels It 
appears that the parathjToids are responsive to and are regulated by 
their chemical environment much as the islets of the pancreas are The 
problem as it confronts us now is to deterraine whether this gland is 
influenced by alterations in calcium or phosphorus concentrations, or 
both, m the body fluids A refinement of the problem will be to ascer 
tain the relative importance of the ionized versus the unionized fraction 
of these minerals 


A Mineral Intake 

That a low calcium intake will result in parathyroid enlargement has 
been seen many times (40,50,92,131) Indeed it is very wndely held on 
circumstantial evidence that a low blood calcium is the normal stimulus to 
secretory activity, and this opimon need not be invahdated if it does not 
appear to hold in certain extreme conditions such as oriental osteo- 
malacia Patt and Luckhardt (147) obtained clear cut physiologi- 
cal evidence that the parathyroids pour out calcium raising hormone 
when they are perfused with calcmmfree blood but do not do so when 
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perfused «ith normal blood Only the perfusate of calcium-deficient 
blood had the ability to raise the serum calcium when administered to 
normal dogs 

The ionic serum calcium and the inorganic phosphorus are to a large 
degree interrelated, so that a low level of one affords an optimal circum- 
stance for an increase of the other and vtu. versa, providing the normal 
regulatory mechanisms are functioning It may be noted incidentally 
that an advantage of this mechanism for the organism is to prevent the 
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Fio 6 — The relation of the volume of the parathyroids to the bJood level of cal 
cium as maintained through controlled intake of calcium and phosphorus (From 
Stoetk and Catnes, 195 ) 

calcium and phosphate ions from exceeding their solubility product 
(For a critical review, see Schmidt and Greenberg, 173) Consequent^ 
it IS not simple to make an evaluation of the relative importance of low 
blood calcium since it is so often associate with a high phosphate level 
The point is emphasized by a recent senes of papers by Games and 
CO workers (40) Using the Steenbock stock ration in conjunction with 
added minerals, they first claimed that parathyroid enlargement was 
nearly proportional to added phosphates and they challenged the con- 
clusion of Ham et al (92) that calcium was the important element in 
regulating the size of this gland In a recent continuation of this study 
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(195), an improved stock ration was used to avoid the complication of 
general ill-health, and parathyroid enlargement (volume measurement) 
was then sho\Yn to be almost perfectly correlated w ith the serum calcium 
level in a series of rats given widely different dietary calcium-phosphorus 
ratios (Fig 6 and Table I) and different absolute amounts of calcium. 
These data are clear-cut and appear to be decisive in respect to the 
influence of calcium as against phosphorus m causing parathjToid 
enlargement. 


TABLE 1 


The Effect op the Dietart Ca/P Ratio amo of the Absolute Calcium and 
Pbosfhorus Intake on the Blood Levels of These Elements and Their 
Relationship to the CnANOC in Parathtboid Volume (195) 



Albright (3) maintains that it is a level of serum calcium ions below 
normal, however produced, that stimulates the parathyroids Stoerk 
and Carnes (195) found, however, that there was no significant deviation 
in plasma protein concentration among a sampling of their groups and, 
since the iomzation of calcium is related to this factor (137), it is probable 
that the marked change in parathyroid wlume was not determined solely 
by the extent to wWch the calcium proteinate was ionized. In these 
connections it is interesting to note that in osteomalacia (133) and some 
forms of experimental rickets, tetany does not appear even though the 
total serum calcium may have fallen to extreme levels, and one is forced 
to assume that the ionic calcium has remained above the tetany level 
through the intermediation of the parathyroids 
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A low plasma phosphate level is not a stimulus to parathyroid hyper- 
plasia even though the mineral derangement is so perverted that experi 
mental rickets appears (40,92) High phosphate levels (56,100,149,171), 
on the other hand, have often been associated wuth parathyroid enlarge- 
ment, and at some nsk of oversimphfication, we may infer that this was 
indirectly due to depression of the blood calcium level Likewise the 
parathyroid hyperfunction which Baumann and Spnnson (18) saw in 
rabbits fed a low calcium, high phosphorus diet should be attnbuted to 
the low calcium Inamtion also causes the parathyroids to enlarge (111) 
and while the modus operandt is not at hand it may again be surmised 
that low calcium intake is responsible 

Just as low blood calcium is associated in some causative manner 
ivith parathyroid enlargement and secretory stimulation, a state of hyper 
calcemia acts as a depressant to parathyroid function and if maintained 
ivill cause a slight involution of the gland Carnes et al (40) noticed a 
diminution of parathyroid volume m tats on a low phosphate, high- 
calcium diet The diminution was accentuated when vitamin D was 
added Involution of the parathyroids has also been found in rats 
exhibiting hypercalcemia due either to excess quantities of vitamin D or 
to rather toxic doses of PTH JalTe and Bodansky (112) state that the 
parathyroids m theic PTH-trealed dogs appeared to be ^ to i normal size 
Pappenheimer and Johnson (145), on the contrary, found no decrease in 
parathyroid volume m rats treated with PTH nor did this substance pre* 
vent the hyperplasia which follows partial nephrectomy It is possible, 
but there is no evidence, that the PTH per se might contribute to para- 
thyroid involution No clue can be taken from the fact that the thyroids 
and tho adrenal cortices atrophy when their respective secretions are 
injected for the reason that these effects are mediated by the anterior 
lobe of the pituitary whereas the parathyroids are not so regulated It 
seems unlikely that the parathyroid secretion would act on the cells of 
its origin 

B Phegnanct 

The mineral demands of the fetus do unquestionably place acidea 
strain on the mineral metabolism of the maternal organism Pregnancy 
itself, however, does not appear to introduce any complications in min- 
eral metabolism other than dram^e The maternal response is purely 
an adaptation to this depletion, as it would be to loss of mineral by any 
other route The average human infant contains 24 30 g of calcium at 
birth (28) Bone resorption rery commonly occurs during pregnancy 
but it can be largely negated by maintenance of a positive calcium 
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balance Noting that in women the serum calcium level falls during 
pregnancy to the lower limits of the normal range (20,27,139), also that 
the parathjroids appear to be hyperplastic, and that the serum phos 
phatase is doubled or trebled in the last trimester, it is generally believed 
that a mild slate of hyperparathjroidism exists The rather low level of 
calcium represents a temporary incomplete compensation on the part of 
the parathyroids Indeed, in pregnant rats demineralization of the 
skeleton may be seen w ith no diminution of serum calcium values (27) 
showang perhaps that the parathyroids have made complete compensa- 
tion The e\ idence is particularlj' striking since removal of the para- 
thyroids during pregnancy blocks the mobilization of mineral from the 
body depots (bone) and the blood calcium level falls (29) Bodansky 
and Duff (30) also found that fetal growth and storage of calcium and 
phosphorus is normal, m spite of large differences m maternal intake of 
calcium and phosphorus, only when the parathyroids are present, with- 
out them an abnormal mineral intake causes disturbances on both sides 
of the placenta 

Sinclair’s studies (187,188) on the increase in the volume of the para- 
thyroids during pregnancy were based on the glands from rats used m the 
careful metabolism studies of Bodansky and Duff A simple hyper- 
trophy of about 05% occurred during the first pregnancy on a mineral 
intake just adequate for reproduction, and the effect was cumulative 
with repeated pregnancies The extent of enlargement was almost 
doubled, and marked hyperplasia was produced by diets extremely 
deficient m calcium and low m phosphate Furtheimore, the fetal 
parathyroid glands were depressed by high, and stimulated by low, 
maternal calcium levels The data of Opper and Thale (142) relating 
the effect of pregnancy to the volume of the parathyroids are in agree- 
ment with those of Sinclair 

Two lines of evidence indicate quite clearly that a unidirectional 
passage exists with regard to the placental transmission of parathyroid 
hormone Carlson (37) found that fetuses did not protect the pregnant 
bitch against tetany following parathyroidectomy Parathyroidec- 
'njraizeh rto'ilKBwisi;inrvyrup^a?(iflij'ewT»\u^T«n"inty!s*uifnjre‘ttjrm,-w*nnJu 
13 precisely the time that one might expect the greatest ameliorative effect 
from the fetal glands if their secretion was able to cross to the mother’s 
blood stream (28) That the fetal glands are functional is defimtely 
indicated by the fact that both in humans (27) and m dogs (107) the 
fetal serum calcium level is 1-2 mg % higher than that of the mother 
Fetal rat parathyroid glands are twice as large in proportion to body 
weight as those of adults, yet they constitute no more than 5% of the 
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total adult gland weight and on this basis alone could not be expected to 
afford much protection to the mother against total parathyroidectomy 
(188) 

With respect to reproduction, it has been shown by Bodansky and 
Duff (28) that loss of the parathyroids greatly diminished fertility in rats 
and caused a reduction in the number and birth weight of fetuses The 
gestation period and labor were prolonged and the maternal and fetal 
mortality rates were high In Chandler’s (41) extensive experience, 
prolongation of the gestation period was rarely seen Parathyroid 
changes in pseudopregnancy and after progesterone treatment have not 
received the attention they deserve The evidence at hand is very 
inconclusive (19,36) 


C Lactatiok 

Lactation can constitute a great dram on the mineral resources of 
the mother Mineralization of the skeleton in most animals, barely 
begun at birth, progresses rapidly during the period of nursing when the 
intake of mineral is entirely from the milk of the mother In patathy- 
roidectomized rabbits copious lactation had a much greater tendency to 
bring out parathj roid deficiency symptoms than did pregnancy (63,65) 
Symptoms did not appear, however, if the litter was reduced to two 
Tetany was more severe in rats during lactation than during pregnancy, 
and tins effect was more marked with large litters than with small ones 
(41,122) 

It IS not unusual to find a negative calcium balance during lactation, 
especially m dairy cows and women, and without special dietary pre- 
cautions, skeletal reserves are attacked through the mediation of excess 
PTH production ith adequate dietary calcium and vitamin D intake, 
this skeletal dram can be reduced to a minimum in humans and cattle, 
and apparently abolished m rats (36) 

D Renal Insdfficiency 

TbeonVy ex.-peiv'meiAt^iflriAikTnidkfttimcTenu’i'njsaffifC'iCTjt'i 
with partial nephrectomy Pappenheimer (144) removed one kidney in 
rats and greatly reduced the other so that the health of the animals was 
impaired, no chemical determinations were made on the blood or unne 
He obtained an increase m the volume of the parathyroids that varied 
with the seventy of the kidney damage as determined on a pathological 
basis In no event was there more than an occasional suggestion of 
osteofibrotic change But, when the calcium intake was reduced, the 
bone lesions were greatly intensified and the parathyroid enlargement 
augmented Donohue et al (51) found that after partial nephrectomy 
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the calcium content of the remaining kidney tissue was increased and 
this could be pre\ ented by removing the parathj roids 

Selje (179) finds that demineraliiation of the skeleton which occurs 
after total nephrectomy in rats is completely prevented if the parathy- 
roids are also removed As mcnlionctl previously, a factor that must be 
considered in the bone destruction m these experiments is the accompany- 
ing acidosis Selye believes that the kidtic>s can onlj influence bone 
resorption through the parathyroids, and this is the exact opposite of the 
view which holds that the parathyroids can affect bone only if the kidneys 
are first able to excrete extra amounts of phosphate 

Xn. Alterations of Parathyroid Funebon m Man 
A HYPOPAn.ATnvRoinisM and Replacement THERAPy 
The principles of parathyroid physiology learned from a study of the 
effects of extirpation and of replacement therapy m animals, especially 
dogs, are almost entirely applicable to man Only brief mention of 
certain outstanding features which seem applicable to this discussion 
will be made as exce lent recent reviews are available (3,150) 

Hypoparathyroidism results cither from accidental operative removal 
of the parathyroid glands or from secretory failure of unknown cause 
The operative cases develop severe symiptoms within a day or so, but m 
idiopathic hypoparathyroidism the progress of the disease is often very 
slow and the early manifestations (numbness, tingling sensations, muscle 
cramps, etc ) may not be particularly indicative of parathyroid inv olve- 
ment In addition to hypocalcemia, the well-known clinical signs of 
borderline hypoparathyroidism or latent tetany are Erb’s (hypergal- 
vanism), Chvostek’s (muscular spasm from tapping facial nerve), and 
Trousseau’s (spasm of muscles of forearm and hand when pressure is 
applied over the bicipital sulcus) True parathyropnval tetany com- 
mences with local and usually painful twitches or spasms The muscle 
involvement rapidly becomes more general and culminates m epilepti- 
form convulsions and laryngeal stndor The blood serum calcium is 
invariably low and the inorganic phtraphorus may reach IS mg as com 
pared to the normal level of about 3 5 mg % The urine is ordinarily 
calcium-free and the phosphate excretion may be normal to subnormal 
In long standing cases, the bones become more dense than normal, but 
the teeth which whennotfully formed at the inception of thedisease.show 
acalcification of the dentine dunng their subsequent development Evi- 
dence of enamel hypoplasia of the teeth appears not to be well authenti- 
cated Cataracts are often present and metastatic calcification of the 
brain has been seen, but this need not necessarily be associated w ith the 
diseased condition cf the parathyroids (3,60) 
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Treatment is directed toward the relief of tetany This can be 
accomplished with dramatic suddenness by intravenous administration 
of calcium gluconate, but the effect is transient and other more sustaining 
measures must be used Calcium salts, particularly chloride, are gn en 
by mouth Parathyroid hormone is and can be a life-saving matenal, 
it requires approximately four hours to raise the serum calcium suffi- 
ciently to relieve tetany It has the disadvantage of producing painful 
injecting sites and may eventually become ineffective through the 
development of an immune reaction Calciferol, viosterol, and espe- 
ciallj dihjdrotachysterol, though slow in raising the serum calcium, are 
extraordinarily beneficial and widely used The patient is kept on an 
adequate calcium diet but milk is not indicated because of its high phos- 
phate content If the blood calcium is kept a little low, the danger of 
kidney damage from excessive calcium excretion is avoided This 
adjustment is greatly aided by use of the Sulkowitch reagent,* which on 
merely being added to unne shows the relative abundance of calcium by 
the cloudiness of the white precipitate that forms 

B INFA^TW.E TeTAITV 

Infants sometimes exhibit tetany w hich is believed to be of h>'popara> 
thyroid origin This occurs most often during the first few days after 
birth It has been found that infants show a drop lo the excretion of 
phosphate m 3-6 days and that the serum calcium is simultaneously 
low The hemorrhages which are often seen in the parathyroid glands 
of infants are not necessanly associated mth the appearance of tetany 
Bakwm (16) from a study of the social distribution of formula feeding and 
infantile tetanj , is of the opinion that cow 's milk is the prov ocativ e agent 
It has about six times as much phosphate as breast milk There is no 
evidence that the tetany is due to a lack of vitamm D An important 
consideration in infantile tetany is posed by the case of a hypopara 
thyroid infant bom to a mother with hyperparathyroidism (66) The 
infant developed tetany which was believed due to compensatory hypo- 
plasia of the fetal glands It is well established that PTH injections 
induce parathyroid hypujAasia and there is reasonatAe rsataitiVy 
283) that the parathyroid hormone can pass from mother to fetus 

C Primary Hvpebparathyroidism 
Primary hyperparathyroidism may derive from an adenoma of one 
or more of the parathyroid glands or from hypertrophy of all the glands 
The disease is characterized by depression of nerve imtabihty, stupor, 

‘ Dissolve 2 5 g oxalic acid, 2 5 g ammonium oxalate, and 5 ml glacial acetic 
acid m distQled water to a volume of 150 ml 
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and coma Se%ere pam m joints and especially in the pelvis and lower 
limbs 13 frequentlj present The serum calcium is high and the plasma 
inorganic phosphate is belou the patient's normal \ alue but not markedly 
so There is excessive calcium elimination m the urine but not m the 
feces Rarefaction of bone (11) is very common but it is not a constant 
finding HofTheinz (105) cites eighteen cases of parathsTOid tumors 
shomng no skeletal damage The extent of bone destruction is depend- 
ent upon the calcium balance If a positne calcium balance is main- 
tained through dietarj means, bone resorption need not supervene 
Surgical reduction of the abnormal parathsroid tissue to an amount that 
IS estimated to be adequate to meet normal requirements for parathyroid 
secretion is the only means axailable for treating hjqierparathyroidism 
(49) If the adenoma is confined to only one gland and it alone is 
reraoxed, tetany may appear for a short time due to the fact that the 
remaining glands have been depressed, probably by the h>percalemia, 
and are unable to readjust promptly to an active secretory status 

D Secondary Hyperparathyroidism and Renal-Parathyroid 
Interrexatiosships 

There is no doubt that the kidneys and the parathyroids are inti- 
mately interrelated, a disturbance m the function of either very often 
produces an abnormality m the function or morphology, or both, of the 
other In a compilation of eigbty-three cases of hyperparathyroidism, 
evidence of some type of renal damage was present in forty-three (4) 
There is also an abundance of evidence that inadequate renal function 
can create a demand for more than the normal production of parathyroid 
hormone In an attempt to compensate for this demand the para- 
thyroids undergo enlargement The histological picture m such patients 
IS usually described as a diffuse hyperplasia afiectmg all the glands alike 
When renal insufficiencj is the causative factor in hyperparathjroidism, 
the chain of disturbed physiological processes is thought to be (a) phos 
phate retention, (b) reciprocal lowering of blood calcium level, (c) pro- 
longed stimulation of the parathyroids, (d) parathyroid enlargement and 
hyperfunction with resulting bone destruction 

Pappenheimer and Wilens (146) found that parathyroid enlarge- 
ment may occur in any type of nephritis The weight of the combined 
parathyroid glands from seven cases of severe nephritis averaged 244 mg , 
in twenty-one cases of mild nephntis 177 mg , and in sixty-two normal 
adults 117 mg It is inferesting that enlargement was also noted m a 
small group of cases that showed renal lesions but in which no symptoms 
of renal insufficiency xvere detected Highraan and Hamilton (103) 
claim to have demonstrated PTH m the blood of patients suffenng from 
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chronic renal disease by use of the Hamilton-Schw artz test (93) Gihigan 
et al (74) hoi\ ev er, found this test to show a negative response in eight- 
een of nineteen trials on fifteen patients ivith severe renal insufBciency 
Until it has been determined that blood from bona fide cases of hyper- 
parathyroidism will yield an unquestionably positive response, any 
data obtained by this technique can only be regarded with skepticism 
Albright (3) believes that m uncomplicated renal insufficiency the blood 
calcium does not fall in proportion to the nse in phosphate and this he 
attributes to the associated acidosis which favors calcium mobilization 
from bone and from the gut He states that, if the acidosis is controlled, 
tetany will appear This has all the earmarks of hypoparathyroidism 
and one might infer that compensatory parathyroid adjustment to the 
low calcium stimulation had not been made, but for his further comment 
that "it 13 probably the secondary h 3 T)erparathyroidisra which prevents 
patients with renal insufficiency from having severe tetany ” According 
to Ginzler and Jaffe (76) osseous demineralization m chronic renal 
insufficiency is due m roost cases not to hyperfunction of the parathyroids 
but to acidosis They speculate that because of the unpaired ability of 
the kidney to form base (ammonia) the body is forced to draw upon its 
stores of fixed base (Ca and Mg in bones) m order to eliminate the acid 
end products of metabolism Albngbt (3) recognizes a condition, called 
‘hyperhyperparathyroidisra,” or parathyroid poisoning, seen in dogs 
receiving mas«ive doses of PTH and in rare chmcal cases The unusual 
feature is that hypercalcemia and hyperphosphatemia coexist He 
believes that the high blood calcium results in renal blockage which leads 
to phosphate retention and hyperphosphatemia Herbert et al (101) 
described a patient w^th similar blood changes w hich they believe resulted 
initially from renal disease with phosphate retention and hypocalcemia 
followed by compensatory parathyroid hyperactivity 

There is much that is speculative or circumstantial in the interpreta- 
tion of the underlying causes of secondary hyperparathyroidism Most 
of the information available has been obtained from chmcal material and 
often the only endence that the renal disease preceded the parathyroid 
symptoms is based on case histones Furthermore the course of events 
has often been largely reconstructed from autopsy findings Duguid (57) 
has aptly phrased a note of caution in this connection "Parathyroid 
hyperpla'ia has frequently been observed, ■postmortem, in cases of chronic 
nephritis and it has been inferred therefrom that nephntis causes hyper- 
parathyroidism The inference is by no mear^ conclusive for there is 
equally good evidence that h3q)eiparathyT0idism causes nephritis and 
when the two conditions eo-exist it is difficult to decide on morbid 
anatomical grounds which is primary” The extensive chmcal data 
concerning chronic nephritis and parathyroid function do not rest on a 
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sound expenmental basis there being to date not more than three papers 
m the latter categorj The principal reason for tins situation is that no 
satisfactorj method has been devised for producing a chrome nephritis 
m laboratory animals nhich niH permit long survival and yield data 
pertinent to this problem There are many instances of alleged second 
ary hyperparathyroidism w hich are based on the finding of hyperplasia 
of the parathyTOids with inconclusive evidence of hyperfunction This 
IS especially true if n e admit that the bone resorption m these cases may 
be due to acidosis The possibility that the parathyroid hyperplasia 
may be due to an inhibiting agent m cases where IsPh« and phosphate 
are being retained has not been seriously considered Attention can be 
properly directed to the hyperplasia with associated hjpofunction of 
the thyroid when anlithyTOid compounds are given (12 130) 

Goadby and Stacey (79) and Goadby (78) administered parathyroid 
hormone to normal and nephritic patients and found that the phosphate 
diuresis was inversely proportional to the renal insufficiency They laid 
emphasis on the fact that the plasma inorganic phosphate was increased 
only in the normal patients after PTH injection and this they maintain 
demonstrates that there is no mobilisation of phosphate from skeletal 
resenes when the kidneys are nonfunctional The very sigmficant fact 
that m ev ery nephritic patient injected the 24 hour rise m serum calcium 
was as great as m normal persons must not be overlooked Goadby 
claims that PTH acts in at least two ways on the kidneys to promote 
phosphate excretion and on the mobilization of calcium from the skeleton 
Duguid (57) produced nephntis m rats using a diet of bread and potatoes 
with added phosphate and the parathyroids were always hyrpertrophic 
whether nephritis was present or not Chown el al (42 43) observed a 
chronic nephritis in rats which had been treated vnth parathyroid hor 
mone for six months or more Obstructing caJciuza deposits were found 
inside and outside of the nephrons 

Anderson (9) in a comprehensive review of kidney parathyroid rela 
tionships concludes that while hyperparathyroidism may produce renal 
failure jt is nevertheless the underlying cause of only a very small per 
centage of renal calculi Be that as it may the formation ol calcium 
phosphate or oxalate calculi is a common clinical feature of hyperpara 
thyroidism and indeed Albright (2) finds the symptoms associated with 
nephrolithiasis one of the earliest manifestations of this disease 

YTTT Relafaon of the Parathyroids to Skeletal Growth, Bone Repair, and 
Dental Defects 

b .0 study of the effects of early removal of the parathyroids alone on 
skeletal growth appears to have been made Thyroparathyroidectomy 
m newborn rats has a pronounced stunting effect which is due almost 
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entirely to the removal of the thyroid, as ^\as proven by replacement 
therapy with parathyroid extract alone and in combination with thyroid 
powder (167) Parathyroid ablation in young growing rats given a nor- 
mal stock diet causes little or no interruption of growth Bodansky and 
Duff (30) find that the birth weight of fetuses of thyioidectomized 
mothers is smaller than those from normal mothers 

Silberberg and Silberberg (185,186) have made a most careful histo- 
logical study of the effect of PTH on the skeletal changes in normal 
growing mice on adequate calcium intake Notably, PTH causes hyper- 
trophy, calcification and disintegration of the epiphyseal disc m growing 
ammals without causing proliferation and stimulates osseous formation 
A resorptive process then sets m which tends to close the epiphyses, and 
m this manner simulates and accelerates skeletal aging In old mice, 
increased bone formation and increased calcification of inactive epiphyseal 
cartilage occurs The changes induced by administering calcium glu- 
conate differ from the above, mainly in that the resorptive phase does 
not take place When PTH was combined with calcium gluconate, the 
aging effect was not intensified over that produced with PTH alone, but 
bone formation was accelerated m either growing or adult mice 

There is a considerable species difference in the response of skeletal 
tissue to PTH injections Definite stunting has been observed m rats 
(17,33,178) and puppies (112) whereas no definite alteration of bone 
growth was seen m cats (17) Imperfect ossification and bowing of bones 
has been recorded in dogs and rats (Fig 5) The discrepancies are m 
part attributable to the difference m the ages of the animals studied and 
to their diet, but mainly to the difference m amount of hormonal stimula- 
tion and length of treatment In rats, initial demmerahzation is usually 
succeeded by hyperossification during prolonged parathyroid treatment 
(179) The early stage of osteoclastic proliferation and bone salt 
removal is followed by fibrous invasion and bone destruction (including 
the matrix) leading to the condition knowm as “osteitis fibrosa ” At this 
time, a proliferation of osteoblasts leads to formation of hypercalcified 
“marble" bone Bone abnormalities are a common but not a necessary 
accompamment of hyperparathyroidism in man Albright has pointed 
out that the bone disorders depend upon a negative mineral balance 
It IS not settled whether the decline in osteitis fibrosa in experimental 
animals is associated wth the development of an immunity to the hor- 
mone The fact that marble bone disease does not develop in the hyper- 
parathyroidism of man may be related to the failure to develop immunity 
to endogenous hormone 

The bone trabeculae are favored sites for release of mineral under 
PTH influence When resorption of the cortex does occur, it is most 
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pronounced subjacent to the epiphj’Bcs With continued treatment the 
major feature of the bones, split lengthwise and examined grossly, is 
increased compactness of the trabeculae at the ends of the shafts, event- 
ually ex en this process is replaced bj loss of trabeculae and a return to 
nearly normal bone structure Resorption of the cortex with tendency 
to spontaneous fracture must be placed in the category of extreme para- 
thjTOid overdosage (for details see 12 33,112,110 117,178,179) 

Membrane bones react in the same way as endochondral bones The 
diploe of the skull bones becomes denser but the shape of the skull is not 
altered m rats stunted by PTH (33) 

The repair of fractures during states of greatly altered parathyroid 
function has attracted considerable study because of the possibility of 
influencing the healing process It has been repeatedly shown that the 
deposition of mineral m the callus is delajed by parath3TOtdectomy 
(52,180), but nevertheless bone repair goes on to completion The 
observations of the earl} workers were far more striking in this connec- 
tion, probably due, as Shelling points out, to the poor dietary conditions 
employed High calcium or high vitamin D intakes, separately or m 
combination, have a distinctly beneficial effect in rats on the calcific 
mending, but their maximum effect is improved by (or exceeded alone by) 
parathyroid extract (180) Parathyroid hormone increased the amount 
of the mineral deposited in calluses in pigeons (1C2) even in the presence 
of some demineralization of the skeleton This is not unexpected, as 
bone deposition and bone resorption arc not mutually exclusive processes 
The formation of the callus per « appears not to be influenced by the 
parathyroids (For a discussion of the many systemic factors concerned 
in bone mending see Armstrong II No agent has jet been found 
which IS of any clinical value in this connection ) 

The effect of chronic estrogen treatment on the skeletal system of the 
mouse has been studied in great detail by Gardner (G9) It is note- 
worthy that the excessive osseous formation in the marrow cavity of the 
long bones and the resulting increase in their breaking strength (femurs) 
were as readily attained with estrogen in parathjTOidectomized mice as 
itt ladsct aaratsfs 

The striking acalcification of the dental matrix and dental fractures 
noted by Erdheim (G3), and others, m parathyroidectomized rats again 
appears to have been grossly exaggerated by the probable rachitogenic 
property of the diet Certainly the dental disturbances seen by Schour 
et al (174) m parathjwoidcctomized rats are a very different matter 
They found that during the first twenty days after operation the dentine 
was actually hypercalcified and subsequently there appeared alternating 
zones of hj^io- and hypercalcification There was, however, a general 
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tendeocy to^ ard poor calcification and the incremental pattern showed 
a i\a\y stratification with vascular tufts extending into the dentine In 
animals surviving many months, and especially after repeated pregnancy 
and lactation, the incisors did fracture The slovi mg of the rate of erup- 
tion of the incisors noted by others was not observed by Schour el al (174) 
m properly controlled experiments A single injection of PTH into a 
normal rat led to the deposition of a hypocalcified stripe in the dentine 
followed by a hypercalcified one (175) 

Idiopathic hypoparathyroidism m children results in the apposition 
of uncalcified matrix and as a consequence the softened apices of the roots 
become traumatically blunted and bent Parathyroid hormone will 
correct only that portion of the tooth which is laid down follow mg substi 
tution therapy 

In any event calcium is never removed from either the dentine or 
the enamel and one should not speak of a poorly calcified dental struc- 
ture as decalcified, they are, stnctly, acalcified Attention is properly 
directed by Strock (193) to the frequency of oral symptoms in cases of 
hyperparathyroidism Osteoporosis of the mandible, cyst formation 
epulis, and absence of the lamina dura, though not of specific diagnostic 
value, should be given the consideration that the present knowledge of 
parathyroid physiology warrants 

Xm. Mineral Appetite 

The self -selection experiments of Richter and co-workers have shown 
very clearly that rats with a dietary deficiency are able to choose sub- 
stances needed to restore health The mineral appetite of rats (155-158) 
w^th altered parath 5 Toid function has reflected m a strikingly clear man 
ncr the mineral demands of the oi^anism under these conditions Intact 
adult rats on a low calcium diet and offered a choice of distilled water or a 
solution of calcium lactate consume about 20 ml of water and 1-2 ml of 
the calcium solution daily After parathyroid ablation, the calcium 
lactate consumption jumps to over 20 ml per day, the water intake falls 
to approximately 4 ml (Fig 7), and tetany is uniformly averted Blood 
calcium studies w ere not made t>ut it can "be assumed that the mereiisei 
calcium intake would help maiatain the blood levels The injection of 
PTH in the operated rats reduced their calcium consumption but the 
amount which was required to bring it to the preoperative level was 
toxic Vitamin D and AT 10 (dihydrotachysterol) were also effective 
m reducing the calcium intake to normal After mixing calcium lac- 
tate with the food, the consumption of calcium lactate m the drinking 
water gradually declined Parathyroidectomized ammals also have an 
increased appetite for strontium and magnesium Recalling that para- 
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thyroidectomwed animals exhibit phosphatemia, Richter was interested 
to inquire whether they might not also refuse something of which they 
have an overabundance, namely phosphorus Normal rats on a low 
phosphorus diet and given a choice of 1% dibasic sodium phosphate or 
water readilj gave the answer by refusing phosphate after they had been 
parathyroidectomized Injections of parathyroid extract or feeding 
AT-10 restored the phosphorus intake to normal These experiments 



Fio 7 -~tndieatiag the calcium end water intake m rats before and after removal 
of the parathyroid glands (From Richter and Birmingham 155) 

also revealed an interesting fact concerning anorexia m parathyroidec 
tomized animals By alternately offering operated rats a choice of 
taking phosphate m their food or drinking water, it was established that 
the parathyroidectomized rat hod no anorexia and that he refused food 
only to avoid phosphate consumption 

Using a similar technique, Wilens and Waller (213) studied the cal 
emm and phosphorus appetite of rats after partial nephrectomy They 
found that rats on a low-calcium diet with a choice of distilled water or 
calcium lactate met their increased thirst after nephrectomy by con- 
suming water Partial nephrectomy did not result m a reduced con- 
sumption of phosphate as would be anticipated, but the experiments 
were not conclusive since the blood phosphate level was not determined 

Addendum 

Since this manusenpt was prepared fflgmficant progress has been made 
in the assay, preparation, and purification of parathyroid hormone 
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Tepperman et al (197a) found that the subcutaneous injection of para- 
thyroid hormone into adult rats resulted in a fall in the serum inorgamc 
phosphorus uhich uas directly proportional to the logarithm of the dose 
of hormone administered (in U SP units) This assay appears to have 
decided advantages in the estimation of parathyroid activity demanded 
for work on the isolation of this hormone L’Heureux et al (102a) 
devised a method for preparing a fatfree gland powder which is especially 
smtable starting material for extraction procedures Using 02 N hydro- 
chloric acid at not more than 70-80®C they obtained an extract with 
high total activity The neutralized acid extract fractionated mth 86% 
neutral acetone or 90% acid acetone yielded a 7-10 fold increase in activ- 
ity per umt nitrogen Their preparation is comparable to that of Ross 
and Wood in order of mtrogen potency, protein character, solubility, and 
freedom from a carbohydrate moiety On ultracentnfugation, however, 
their preparation appeared not to contain the high molecular weight 
protein noted by Ross and Wood The electrophoretic analysis showed 
evidence of at least two com|>onents 

A study of the distnbution, retention and excretion of radioactive 
phosphorus during states of hypo and hyperth>TOidism in rats (Tweedy 
et al , 206a) has provided additional evidence for the behef that para 
thyroid hormone acts directly upon the kidney Dunng the first 24 
hours following thyroparathyroideclomy a larger percentage of an injected 
dose of labeled phosphorus was retained by the various tissues of the body 
than occurred in similarly injected control ammals This was a conse 
quence of delayed excretion The ability of such operated rats to excrete 
phosphorus gradually improved as the postoperative interval lengthened 
and this reached normal values at 15 to 25 days The injections of para 
thyroid hormone soon after the operation brought about a prompt unnary 
excretion of labeled phosphorus and resulted in normal retention pattern 
in the tissue of the unexcreted portion After bilateral nephrectomy, the 
injection of parathyroid hormone had no influence on the distnbution 
retention or excretion of radiophosphorus 
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I Introduction 

With the exception of the liver, the pancreas is the largest gland con 
nected tnth the alimentary tract It is a pink white organ i\ hich lies m 

> This article does not purport to be a complete review of all existing mformation 
on the 8ub;ect For detailed descnpttoa and bibliography concemiDg the earlier 
investigationstbereader IS referred to vanousrevteaa (52 55 76 80 88 91 157 173 181) 
301 
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the retropentoneum at about the levd of the second and third lumbar 
vertebrae In the adult it measures from 20 to 25 cm m length and 
%anes in weight from 65 to 160 g Its nght extremity, the “head,” i® 
the larger and is directed downward, the left extremity, or "tail,” is 
transverse and terminates close to the spleen The pancreas consists of 
an exocrine portion, which elaborates certain digestive enzymes, and an 
endocrine portion, w hose internal secretion plays an important part in the 
control of the carbohydrate metabolism of the body The exocnne and 
endocrine functions of the pancreas are earned out by distinctly different 
groups of cells 

The present review is concerned only with the endoenne function of 
the pancreas The importance of this endoenne function becomes 
apparent upon examination of the physiological disturbances in the body 
which may be observed in total pancreatectomy or diabetes melhtus 
The following symptoms have been found to be charactenstic 

(1) Pronounced hyperglycemia and glycosuna 

(2) Depletion of the glycogen stores m certain tissues (hver, muscle) 

(3) Lowering of the respiratory quotient 

(4) Increase in the NPN excretion 

(5) Increased formation of ketones (ketosis) 

H. History* 

The first observations on the effects of the removal of the pancreas 
from animals were made at a time when a relationship between the func* 
tion of the pancreas and diabetes was unsuspected As early as 1682, 
von Brunner (22) and, several years later, Haller (19, cited from Bouch- 
ardat) removed the pancreas from dogs, but they could observe no ill 
effects, the animals continuing to live apparently in good health B^rard 
and Colm (11) also extirpated the pancreas from dogs and likewise were 
unable to note any unfavorable effects after the operation Klebs and 
Munk (102) m 1869 seem to have been the fiiat to undertake such extirpa- 
tion for the purpose of demonstrating a possible relation of the pancreas 
to diabetes Their results, however, were also negative The failure of 
thfi&e eatlifit expetimenteta to demiraattate tba essential nature of the 
pancreas was due, without doubt to incomplete removal of the organ 
Experiments of a different type were performed by Claude Bernard (12) 
m 1856 and later by Schiff (154), in 1872, who observed that blocking 
the pancreatic ducts with paraffin did not affect the health of the animals 

in 1890 two chmcians, vem Mehnng and Minkowski (122), discovered 
that the complete removal of the pancreas from dogs was followed by 
symptoms wluch closely resembled those observed m human diabetes 
melhtus They deduced that these diabetic symptoms were evoked by 

I See also the comparative history of different hormones in Chapter I 
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the lack of some specific function of the pancreas At that time chnical 
exidence alreadj indicated that diabetes mcllitus \\as associated m some 
^\ay ^\lth the pancreas The expenments of von Mehnng and MinkoR- 
ski ^\ere the first decisive demonstration of such a relationship At the 
same time, and independently de Domimcis (42) made a similar obser- 
A ation Lupine in 1893 repeated these expenments and confirmed these 
findings (110) He ad\ anced the theory that the pancreas elaborates an 
internal secretion which controls carbohydrate metabolism Proof of 
this was furnished by transplantation expenments performed m 1892 by 
both hlinkowski (127,128) and H&lon (74,7S) Portions of the pancreas 
were removed, grafted under the skin of dogs, and allowed to remain 
there until the circulation had been re-established, the rest of the gland 
was then removed In this way diabetic symptoms could be prevented, 
or at least greatlj delayed On removal of the graft, the t3T)ieal symp- 
toms of pancreatectomj immediately appeared Gley (60 61) observed 
that tying the pancreatic leins thereby stopping the supply of blood 
from the pancreas, was followed by diabetic symptoms All these 
results could obviouslj be explained on the basis of the theory of an 
internal pancreatic secretion It was already known at that time that 
the pancreas formed an enzyme secretion necessary for digestion It was 
hardly to be expected, howe\er, that the principle regulating carbohj- 
drate metabolism w as produced by the same tissue of the pancreas that 
was responsible for the elaboration of the digestive enzymes 

in Islets of Langerbans 

In 1869 Langerhans (lOS) described the presence in the pancreas of an 
epithelial tissue different from the alveoli and the ducts w hich convey the 
external secretion (enzymes) to the duodenum Langerhans desenbed 
these cells but had no knowledge of their actual function 

These "islets of Langerhans” originate from the pancreatic ducts, as 
do the alveoli The islets are structures distinct and apart from the rest 
of the pancreas and can easily be difierentiated from the acinar tissue 
The islet tissue is present in abundance in the pancreas of most animals 
In normal human adults the pancreas contains 0 9 %-2 7 % of islet tissue, 
while the majority of diabetic people have less than 0 9% On the other 
hand, children may possess as much as 3 6% (171) It has been found 
that there are more islets in the tail (splenic end) than m the body or 
head of the pancreas The nch blood supply of the islets is an indication 
of their physiological significance The islets have been found to vary 
widely in size and number, even withm a single speaes The total num- 
ber of the islets in the human pancreas lies between 250,000 and 2,500,000, 
the majonty of cases approximatmg 500,000 each In a wide vanety of 
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vertebrates, three granular cell types (termed “A,” "B,” and "D") con- 
stitute the islet tissue There is evidence for assigning the insulin pro- 
duction to the B cells, which compose the major part of the islets These 
cells alone are found to degenerate \ihen the islet tissue in the pancreas 
of partially depancreatized dogs is exhausted by carbohydrate over- 
feeding For additional information on the histology and pathology of 
the pancreatic islets the reader is referred to recent reviews by Gomori 
(65,66) 

Diamare (40) in 1889, and Laguesse (106) m 1893, were probably the 
first to suggest that the islet tissue is concerned m the production of an 
internal secretion whose function is the control of carbohydrate metabo- 
lism Schulze (155) m 1900, and Ssobolew (167) in 1902, found that 
when they blocked the pancreatic duct with paraffin, the resultant 
sclerosis led to the destruction of the acinar tissue but left the islets 
unimpaired, and observed no symptoms of diabetes Many other 
investigators also noticed that although the gland atrophied after the 
ducts had been ligated, the ts(et tissue continued to function and diabetes 
did not occur When, on the other hand, the atrophied gland was 
removed, diabetes at once resulted Warthm (177) has given an excel- 
lent historical account of the discoveries uhich established the endocrine 
function of the islet tissue 

After the discovery of insulm, Macleod's studies (120) definitely 
established the fact that insulin is elaborated only by the islet tissue 
This work nas done on teleostean fish (hake, cod, pollock, haddock, etc ) 
m which the islets are anatomically distinct from the acinous tissue 
Acid alcohol extraction of the islets yielded relatively large amounts of 
the hormone, while similar treatment of the zymogenous tissue yielded 
no msuhn 

Needham (132), studying the carbohydrate metabolism of the 
developing chick, found that the formation of the islet tissue in the 
pancreas is simultaneous with the glycogenic functioning of the liver 

Homans (77) and Allen (2) showed that removal of a large part of the 
pancreas from dogs led to diabetes Kauer and Glenn (97) found it 
necessary to remove 84% (rf the pancreas from dogs before diabetes 
developed Houssay and his associates (81) have reported similar 
observations 

More than fifty years ago Minkowski (127) and Wemtraud (179) 
made the suggestion that the occurrence of glycosuna following pan- 
createctomy IS associated with the food habits of the animal They 
found that, while pancreatectomy m the duck, chicken, or pigeon does not 
result in glycosuna, carmv orous birds hke the hawk, falcon, buzzard, and 
raven on the other hand devdop glycieuna and hyperglycemia on 
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removal of the pancreas These findings have recently been substan- 
tiated and extended by Miraky and his associates (130,133) 

IV. The Preparation of Insulin 

Follov,^ng the demonstration by von Mehnng and Minkowski (122) 
in 1890 that the pancreas plays a role in the control of carbohydrate 
metabolism, many attempts were made to prepare an active extract of 
the pancreas which would alleviate the symptoms of diabetes mellitus 
The credit for the preparation of a pancreatic extract capable of effecting 
a lowenng of the blood and unnary sugars, and serviceable m mitigating 
the symptoms of experimental diabetes m animals, and of human dia- 
betes, belongs to Banting, Best, Macleod, and Collip The first active 
extract was prepared m 1922 in the following way after the pancreatic 
ducts of Bcv eral doga had been ligated, the animals w ere kept for a period 
of several weeks to allow the acinar tissue of the pancreas to degenerate 
This was done m order to circumvent the destructive action of the 
pancreatic enzjTncs on the hormone At the end of several weeks the 
degenerated pancreatic tissue was removed, sliced, and extracted with 
Kmger’s solution The filtrate was found capable of reducing the hyper- 
gljcemia and glycosuria of depancreatized dogs (6) The name “insu- 
lin" w as assigned to the active principle present in the pancreatic extracts 
It IS interesting to note that, much earlier, do Meyer (123) in 1909, and 
independently Sharpcy-Schafcr (161) m 1916, had proposed the term 
“instilm" to designate the internal secretory product of the islettissue 
of the pancreas 

Since the initial successful preparation of insulin, various improve- 
ments in procunng therapeutically serviceable extracts have been intro- 
duced by other workers Detailed descriptions of the various methods 
employed in the preparation of insulin may be found in several reviews 
(55,76,80,88,157) 

Practically all of the procedures are based on the extraction of the 
minced pancreas with acidulated or alkahne solutions, aqueous, acetone, 
methyl or ethyl alcohol Acid or alkaline-aqueous extractions have 
been found impracticable, especially for large-scale production Purifi- 
cation has generally been achieved by fractional precipitation with 
alcohol, by isoelectric preapitation, by salting out, by adsorption, or by 
the separation of the hormone as an insoluble salt Commercial insulin 
IS at present prepared from the pancreas of beef or pig 

Crybtaeline Insuein 

Following the preparation of potent extracts of the hormone Irom tbe 
pancreas, numerous efforts w ere made to isolate the active pnnciple as a 
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crystalline chemical entity Insulin was first obtained m crystalline 
form from highly purified commercial preparations by Abel and his asso- 
ciates (1) m 1926 Their method for obtaining crystalline preparations 
consisted of the isoelectric preapitation of the hormone from a strongly 
buffered acetic acid solution by the addition of a ueak base The pH of 
the final solution was found to be about 5 6 Crystalline insulin was 
found to exhibit all the properties of a typical protein The isolation of 
insulin in crystalline form is probably the first instance m which a protein 
possessing a specific physiological action has been obtained in crystalline 
form 

Modified procedures for obtaimng crystalline insulin preparations 
have been worked out by several investigators (55,76,80,88,157) Addi- 
tion of certain metal ions such as zinc, cobalt, nickel, and cadmium was 
found to facibtate greatly the formation of insulin crystals Crystalline 
insulin IS now prepared on a commercial scale and is readily available 
(148) Although crystalline insulin is usually prepared from beef pan 
creas, it has also been obtained from the islet tissue of curiam fish (92), 
from pig and sheep (156), and from bison and human pancreas (159) 
The crystalline preparations obtained from these various sources were 
found to possess the same maximal activity, 24 international units per 
mg , which remained constant on repeated recrystalhzations, and to have 
the same sulfur content, approximately 3 3% It is pertinent to note 
here that insulins derived from various species have been found to be 
imraunologically identical (178) Whether or not the active pnnciple 
isolated from the pancreas represents the circulating natural hormone is 
still undetermined 


V Chenustiy of Insulm 

Knowledge of the chemistry of insulin has not advanced greatly m 
the past few years Earlier reviews (52 55,76,80,88,89,91,157,173,181) 
on the chemistry of insulin are still intnnsically up to date For this 
reason the present discussion will be limited to a brief outline of present 
knowledge of the chemistry of the hormone 

Solutions of insulin are levorotatory, as are those of all proteins 
The absorption spectrum of insuIm can be accounted for by the tjTOsme 
and cystine present in the molecule (37) Insulin does not show m its 
near-infrared absorption any difference m selective absorption from that 
shoivn by other proteins (8) The isoelectnc point of insulin has been 
established at pH 5 3-5 35 (183) X ray studies of insulin have given 
little information as to the structure of the molecule, the patterns being 
similar to those obtained with other crystaUine proteins (38) 

It has been observed that crystalhne msulin, prepared by different 
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methods, contains zinc The zinc content of the human pancreas has 
been found to range from 18 8 to 30 4 mg /kg of fresh gland Electro- 
metric titration showed that the complex formed by zinc and insulin is 
analogous to that formed bj zinc and glycine The zmc content of 
insuUn vanes with the preliminarj treatment of the protein (49) Cohn 
and his associates (29), employing radioactive zinc, have determined the 
zinc content of insulin, crj*stalli 2 ed m various wa>s They found that 
the amount of zinc vanes from 0 3% to 0 6%, depending on the pH of 
crystallization Crj*stalline insulin with a low zmc content (0 15%) has 
been prepared by Sahyun (153) The optical cjstallographic properties 
of crj’stallme "zmc insulin” have been reviewed by Keenan (9S) 

Crj’stallme insulin, studied bj the Tiaclius movmg-boiindary electro- 
phoretic technique, was found to be homogeneous However, vanous 
amorphous insulin preparations of lesser potencj , as low as IG units per 
mg , hav e been found to be indistinguishable from crjstallme insulin (71) 
This illustrates the well-recogmzed limitation of this method m determin- 
ing the homogeneity of a protein preparation 

Solubility of insulin in vanous solvents and its dielectric properties 
have been investigated by Cohn and his associates (29) I ens (109a) has 
determined the solubility curve of insulin samples m a sodium acetate- 
acetic acid buRer of pH 4 95 The molecular weight of insulin estimated 
from data obtained on redetermioation of ultraccntnfugal sedimentation 
and diffusion constants of carefully recrystalhzed insulin was 46,000 as 
against the previously found 30,000 (124,125) 

A Amino Acids in Insulin 

Since crystalline lasuhn nos found to be a protein, investigations on 
the individual components, obtained on hydrolysis, were carried out with 
the object of determining whether insulin contained ammo acids of 
unknown composition or whether constituents other than ammo acids 
were present in the molecule The amino acids found to be present and 
their percentage are giv en in Table I 

With the exception of senne and threomne, all other ammo acids 
given in the table actually have been isolated and identified from the 
hydrolytic products of insulin The percentages of tyrosine, cystine, 
argimne, histidine, lysine, prohne, and phenylalamne have been deter- 
mined either by colorimetric methods or by calculation from the Van 
Slyke mtrogen distnbution (52,55,76 80,8S,S9 157) Chibnall (2S) has 
reported a value of 10 7% for histidine The presence of senne and 
threomne is based on the finding of Nicolet and Shmn that hydroxy- 
ammo acids on treatment with penodic acid evolve ammonia (134) The 
content of glutamic acid (112,135) and of leueme (20,151) has been deter- 
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mined by microbiological methods The presence of alanine in insulin 
has recently been reported (28a, 101a) Hydroxyprolme seems to be 
absent, and it appears therefore that the nonammo nitrogen as found m 
the Van Slyke nitrogen distribution is present m the form of proline No 
evidence of the presence of aspartic acid has as yet been obtained, and it 
therefore appears that the amide nitrogen, as found in the Van Slyke 
mtrogen distribution, is present m the form of glutamine Tests for 
tryptophan have given negative results but indication of the presence of 
isoleucme and of valine in the crude leucme fractions has been obtained 
(90) No evidence has been found thus far for the occurrence in the 


TABLE I 

AutNo Aetna in Insolim 


Aroino acida ^ 

Percent' 

Method of deteimioation 

Tyrosine 

12 

Coiorimetncally 

(^stme 

12 

Colonmetncslly 

Arginine 

3 

Coiorimetncally and calculated from Van Slyke nitro* 
gen distribution 

Histidine 

4 

Oolonmetrically and calculated from Van Slyke nitro- 
gen distribution 

Lysine 

2 

Calculated from Van Slyke nitrogen distribution 

Proline 

10 

Calculated from nonammo nitrogen of Van Slyke 
nitrogen distribution 

Glutamic acid 

17 S 

Microbiologically 

Leucine 

13 5 

Microbiologicatly 

Threonine 

2 6 

OmdatioD with penodic acid 

Serme 

3 6 

Oxidation with periodic acid 

Phenylalamne 

7 0 

Colonmetricatly 

Alanine 

4 7 



insulin molecule of any constituent differing m its structure from the 
known ammo acids 

The number and nature of the free ammo groups of insulin have been 
determined by the employment of 2,4-dmitrofluorobenzene It nas 
found that an insulin submolecule of molecular w eight of 12,000 contained 
tvio glycine and two phenylalamne residues contaimng free a ammo 
groups and two lysine residues containing free c-ammo groups (153a) 
Jensen and Evans (91a) have previously shown by a related method that 
the ammo groups of phenylalanine ra insulin are free These results 
suggest that the insulin submolecule is made up of four open polypeptide 
chains, two of these havung terminal glycyl residues and the other two 
terminal phenylalamne residues, the chains being bound together most 
probably by — S — S — linkages 
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B Chemical Modificatiovs avd DERnATivEs 
Insulin can be inactnatcd and reactuated bj bringing about and 
then re\crsing certain structural changes Structural changes can be 
obtained ^\lthout inactivating the hormone By focusing the chemical 
attack on different points of the architecture of the molecule, it should 
be possible to determine vhether insulin actmtj results from some force 
emanating from cssentiallj the nholc structure or from a specific field 
of force localized at some definite position or positions 

C Sllpur 

Of particular interest is the high sulfur content of insuhn, approxi- 
matelj 3 Z% In recent jeara it has been found that certain other hor- 
mones of protein nature also contain high amounts of sulfur It has been 
established that all the sulfur of insulin is present as a disulfide linkage 
and can be accounted for as cjstme (175) 

Keduction of the disulfide hnkages in the insulin molecule under 
^anous experimental conditions results lo a lo«s of pb>'8iologiC8l activity 
(52,55,76,80 88,157) It has been found that no proportionality exists 
betireen maximal reduction and ph^-siological actnitj, and that total 
mactuatiOD occurs with the reduction of approximately one third of the 
total sulfur Freudenberg and Munch (53) claim to ha\e been able to 
produce some reactiialion of cjstcme-rcduccd and partially inactivated 
insulin by the addition of hydrogen peroxide Howexer, experiments of 
other imestigators haxe shown that re-oxidation of the reduced msulin 
docs not restore its biological activity (52,89) 

According to Miller and Anderson (125,125), the primary change in 
properties of the insuhn on reduction with thiogly colic acid at pH 7-7 5 
consists in an aggregation of the reduced molecules to form particles of 
much greater size than the original protein 

D Alkali 

Insulin, on treatment with alkali, is irreversibly inactivated with the 
simiiUaneous liberatjon of ammonia and hydrogen suihde (55,70,80,88, 
157) Freudenberg and Munch (53) have stated that, if insuhn is heated 
in a solution of pH 10 5 for 15 hrs at 30®C , inactiv ation occurs w ithout 
the liberation of ammonia and hydrr^n sulfide or the appearance of 
sulfhydryl groups, no reactivation can be achieved Lanthionme has 
been isolated from insuhn treated with dilute alkali (174) 

E Acid and Eneitmes 

Hydroly’sis of msulin by either acid or proteolytic enzymes leads to 
irreversible inactivation The failure of earlier attempts to prepare an 
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actn e extract from the pancreas w as mainly due to the destructn e action 
of the proteolytic enaymcs present in the organ Inactivation by 
hj drolj'sis rapidly precedes the splitting of all peptide linkages 

\\hen insiilm is heated witli W/10 hydrochlonc acid at 100°C, a 
“heat precipitate” is formed which is physiologically inactive Simul- 
taneously ammonia la liberated, probably arising from the amide group 
of the glutamine portion of the molecule On treatment of the precipi- 
tate with dilute alkali, a product is obtained which exhibits approxi- 
mately 80% of the physiological activity of the original matenal (55,76, 
80,88,157,173) 


F Acetylation 

By the treatment of insulin with acetic anhydnde or ketene in the 
cold, acetjlated products with greatly diminished activity are obtained 
The inactivation is partially reversible since on hydrolysis of the ace- 
tylated insulin with weak alkali a substance more active than the ace- 
tylated compound, but less active than the original insulin, is obtained 
(55,70 80,88,157 181) 

Ketene is well suited for the acetylation of a protein because it is 
possible to w ork in aqueous solution and at low temperatures It has 
been found that this reagent reacts much more rapidly with free amino 
groups than with the hydroxyl groups of the protein molecule 

G Acid Alcohol 

Insulin when allowed to stand in acid alcohol for several hours, is 
converted into a relatively inactive product On treatment of this com 
pound with very dilute alkali about 60% of the ongmal activity is 
restored A part of the reactivated material may be recovered in a 
crystalline form identical with that of crystalhne insulin Scott and 
Fisher (157) have shown that inactivation also occurs with such orgamc 
solvents as acetone, in the presence of certain amounts of hydrochloric 
acid Inactivation therefore cannot be due to esterification but proba 
bly involves a reversible intramolecular rearrangement (55,76,80,88,157) 

H lonisL 

Iodine in faintly alkaline solution was found to inactivate insulin 
irreversibly in a short time, probably due to oxidation (55,76,80,88,157) 
Insulin lodinated according to the method of Neuberger is assumed to 
yield a product m which the hydrogen of tyrosine is substituted by 
iodine in the 3,5 positions The lodinatcd insulin was found to retain 
only 5-10% of the original activity, partial removal of the lodme by 
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catalytic reduction was accompanied by an approximate proportional 
restoration of acti\ itj (72) 

I Miscellaneous Experiments 

Several azo dernatives of insulin containing up to fifteen azo groups 
per molecule were prepared bj Remer and his associates, two of the azo 
compounds were obtained m crystalline form The activity of the hor- 
mone was somewhat impaired by positively substituted azo groups and 
less impaired by those containing negative substituents (107,141) 
Complexes of insulin with piperidine and primary bases have been 
obtained in crystalline form (ICO) 

Treatment of insulin with either aliphatic or aromatic aldehydes or 
isocyanates in weaklj alkaline solution was found to yield insulin deriva- 
tives retaining only a small percentage oi the physiological activity of the 
hormone Chemical reaction between either amino or hydroxy groups 
of the insulin molecule and the reagent used can take place under the 
experimental conditions employed (55,70,80,88,167) The action of 
phenyl isocyanate on insulin has been studied m detail by Hallas-Mocller 
(71a) 

The effects of various other reagents, such as methyhodide, diazo- 
methane, and nitrous acid, on insulin have also been studied and found to 
yield physiologically inactive products (55,76,80,88,157) 

Attempts have been made to interpret the results obtained on treat- 
ment of insulin with various regents, as indicating that certain groups 
of the insulin molecule, such as phenolic hydroxyl, pnmary ammo, and 
the disulfide linkage, are essential for the physiological activity of the 
hormone 

The pharmacodynamic function of insuim may be due to 

(I) The presence of a prosthetic group in the insulin molecule As 
already mdicated, no evidence of such a group m the insulin molecule has 
yet been obtained 

(II) The occurrence in the insulin molecule of an unknown speciBc 
ammo acid Only known amino acids have thus far been isolated from 
the hydrolytic products of insulin 

(III) The existence m the protein molecule of a specific grouping of 
certain component ammo acids embedded m the molecule, and w-hich by 
virtue of their chemical and spatial configuration impart a specific phar- 
macodynamic function to the protein molecule For this reason, the 
entire molecule is necessary for the physiological activity of the protein 

It IS the author’s opinion that, from the evidence at present available 
and outlined, it must be assumed that the hypoglycemic activity of 
insulin 13 a specific property of the W**"!® rnnlsrnlp ATivrpaf«f.inn 
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^hich may produce a change m the architecture of the protein molecule 
IS likely to cause a loss of physiolc^ical activity The complex protein 
structure of insulin permits little hope at present for the elucidation of the 
exact structure and for the synthesis of this hormone 

VI. Standardi 2 ation of Insulm 

Up to the present, only biological methods of assay have proved 
applicable for the determination of the physiological activity of insulin 
Various suggested chemical methods of assay hav e been found nonspecific 

The potency of an insulin preparation is expressed m international 
units, the unit being defined as “the activity contained m 0 125 mg of 
the international standard preparation “ Recently a standard insulin 
preparation of crj stallme zmc-insulm has been proposed by the National 
Institute for Medical Research in London A unit is ^ rag of this 
preparation 

Two procedures have been devised to determine the activity of 
msulm preparations by comparison with the standard and are now gen- 
erally employed (I) a method dependent upon the production of con- 
vulsions, and (11) a method based upon the determination of the decrease 
m blood sugar 

Briefly stated, method I, which employs mice as test animals, is 
based upon the comparison of the incidence of convailsions produced in 
white mice kept at 38®C , half of the mice being injected mtrapentoneally 
with the standard preparation and the other half with the solution of 
unknown potency The mouse unit is defined as the quantity producing 
convulsions m one half the number of mice injected 

Method II consists of injecting subcutaneously a suitable dose of 
the standard msulm preparation into one half of a senes of rabbits of 
2 kg weight and previously starved for eighteen to twentj-four hours, 
the other half simultaneously receivmg a dose of the sample of unknown 
potency Several days later the groups are crossed o\ cr and used for the 
injection of the same preparation Blood samples are usually taken at 
one and a half , at three-, and at five-hour jatervaJs after the injections 
From the relation between the lowenng of blood sugar produced by the 
standard msulm and that produced by the msulm of unknown potency, 
the activity of the latter can be calculated A few recent references 
on the standardization of insubn are included m the bibliography 
(15,16,25,50,51,87,162) 

Gellhorn and associates (56) have desenbed a sensitive method for the 
assay of msulm based on the use of adrenodemedullated-hypophj’sec- 
tomized rats In such animals administration of msulm m amounts of 
0 001 units per 100 g of body weight may cause convulsions and coma 
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Employing this method these investigators estimate that the normal 
content of insulin m human blood is 0 002 units per ml Opdyke (136) 
has described a method for the biological assay of insulin based upon the 
blood sugar response of the fasting chick 

Vn Administration of Insulin 

Since insulin is of proteinlike nature the hormone has no effect when 
taken orally as it is inactivated by the proteolytic enzymes (pepsin and 
trypsin) and therefore must be adramistcred parcnterally This con- 
stitutes one of the chief difficulties and objections to its use ^\hlle 
administration of insulin remains effcctnc m spite of repeated injections 
other protein hormones, such as the anterior pituitary principles, become 
progressnely less effective on continued administration 

Clinical assaj's conducted on patients with uncomplicated diabetes 
on certain standard dietary regimens, reveal that one insulin unit \m 11 on 
an average promote the metabolism of approximately 1 5 g of glucose 
Insulin is usually administered to diabetic patients bj the subcuta 
neous route, and sometimes in cases of emergency by intravenous injec- 
tion There are associated with these generally accepted methods of 
administration certain practical difficulties \ihich investigators have 
recogmzcd for many >ears and attempted to remedy Chief among 
these difficulties are the discomfort accompanying injection, and the 
frequency of dosage with its attendant inconvenience 

Since the parenteral injection of regular issuhn causes wide fluctua- 
tions in blood glucose levels and requires several daily injections, expen 
ments were carried out wnth the object of combining or mLxing insulin 
with certain substances m order to decrease its rate of absorption from 
the tissues Such delayed absorption would permit the use of larger 
doses and thus reduce the number of daily injections required Hagedom 
and his associates (67) were the first to produce an insulin preparation 
possessing prolonged blood sugar-lowenng action and suitable for thera- 
peutic use These investigators demonstrated that when a solution of 
protamine m sodium phosphate buffer is added to an insulin solution, an 
insulin protamine complex is formed at pH 7 2, which on subcutaneous 
injection produces prolonged hypoglycemia 

Shortly after Hagedom’s finding, Scott and Fisher (158) reported 
that the addition of zme as a salt to insulin prior to the addition of 
protamine prolonged still further the hypoglycemic effect of the hormone 
The hope that a single injection daily of protamine zme insulin w oulcl 
suffice to establish good control m the majontj of diabetics unfortunately 
has not been realized, only the milder cases can be so regulated 

For practical purposes a combined form of insulin therapy is often 
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emplojed two separate injections are given each morning, one of pro- 
tamme-zmc insulin and one of regular insulin It is obvious that this 
mode of duplicate administration is not entirely satisfactory 

Efforts ha\e therefore been made to obtain an insulin preparation 
which, with a single injection daily, would establish good control in 
severe as w ell as mild cases First, proteins other than protamine, such 
as globin and histone, have been combined with insulin Apparently 
neither of these modihcations seems to offer any significant advantage 
over protamme-zinc ir^ulin Second, modifications of protamme-zinc 
insulin have recently been suggested (I) an insulin preparation contain- 
ing about 25% of the hormone in quickly absorbable form, and 75% in 
precipitated, slowlj absorbable form, designated “modified protamme- 
zinc insulin" by MacBryde (118,119), and (11) an insulin preparation 
which IS obtained by mixing crystalline insulin with protamme-zinc 
msulm, as suggested by Colwell (31) Reference js made to several 
comparatn e clinical studies of the more recently developed insulin prepa- 
rations (5,9,14,31,39,48,109,117,118,119,121,131,138,145,172) Attempts 
to prolong the action of insulin by implantation of “insulin tablets" 
under the skin have not proved encouraging (184) 

The absorption rates of different forms of insulin which were labeled 
with radioactive iodine have been studied m rabbits (140,142) The 
decrease m radioactivity at the site of injection w as the index of the rate 
of absorption The order of rapidity of absorption was regular insulin, 
globin msulm, and protamine-zmc msulm Employing the same pro- 
cedure the rate of absorption of insulin m human patients has been 
studied In uncomplicated diabetes the absorption rate of insuhn was 
normal but patients with idiopathic msulm resistance showed a signifi- 
cant delay in absorption (149) 

In patients totally pancrealectomized for the removal of carcinomas, 
the msulm requirement was found to be very smali, about 40 units per 
day (62,146) This observation is in agreement with the finding that 
dogs with 90 to 94% of the pancreas removed seem to require more insulin 
than completely pancrealectomized d<^ (44) According to Lerman 
(111) msulm resistance is dependent upon the appearance and concentra- 
tion m the body of antibodies to msulm 

VIII Physiological Action of Insulm 

Insulin plays an important role m the regulation of vanous phases of 
metabolism Metabolism is commonly defined as the sum total of the 
chemical changes which occur in the vanous tissues of the body The 
distribution and excretion of morganic ions is referred to as "inorganic 
metabolism" while the turnover of carbohydrate, fat, and protein is 
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referred to as "organic metabolism” The different phases of carbo- 
hj drate, protein, and fat metabolism are intimately linked together 

It IS perhaps advisable to present at this point a brief description of 
the mam pha'^cs of carbohj drate metabolism m normal animals Glucose 
IS the sugar which is most cffieientlj metaboUied by the tissues of the 
organism and other sugars arc generally converted into glucose by the 
h\er before they can be utilized Certain ammo acids present m pro- 
teins can bo converted into carbohydrates, and carbohydrate can be 
converted into fat m the body The possibility of a conversion of 
physiologically important amounts of fat into carbohydrate, however, 
has not y ct been defimtely proved Foodstuff passes through a common 
metabolic pool and in this sense all three foodstuffs are interconvertible 

Absorbed sugar is either oxidized in the tissues or converted into 
glycogen or fat The oxidation of glucose and the synthesis and break- 
down of glycogen are evndently rapid and constantly occurring processes 
Gluctse IS burned for energy m the various tissues of the body Muscle 
glycogen is oxidized to lactic acid, thus furnishing part of the energy for 
muscular activity Some of the lactic acid is transformed into glycogen 
in the liver 

The concentration of glucose m the blood is of importance m supply 
mg the various cells with sugar The liver is the organ of major impor- 
tance m the regulation of the blood sugar level, m its absence the blood 
«ugar rapidly falls It is the function of hepatic glycogen to maintain 
the blood sugar level, muscle glycogen is not a source of blood sugar 

The blood sugar level represents the resultant of oxidation, storage, 
and excretion on the one hand, and of formation and absorption on the 
other Hyperglycemia may result from (a) excessive carbohydrate 
intake, (b) madequate carbohydrate utilization, (c) carbohydrate over 
production Conversely, hypoglycemia may be due to (a) starvation, 
(b) excessive carbohydrate utilization, (c) inadequate carbohydrate for 
mation These extremes of glycemia act as stimuli to the regulatory 
mechamsms, which in turn tend to reesUibhsh the normal blood sugar 
level The efficiency with which these regulatory mechanisnu can 
counteract the extremes of glycemia depends in a large part on the 
normal endoerme balance (164) 

Metabolism is controlled by the proper physiological coordination of 
various active agents m the body, hormones, vitamins, and enzymes may 
be classified as such agents The efficiency with which the mechanisms 
of the endoenne system counteract each other m regulatmg metabohsm 
depends to a large extent upon normal endoenne balance Any relativ e 
or absolute deficiency or prepraiderance of certam endoerme secretions 
may result in a defimte abnormal shdt of general metabohsm Cog 
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mzaace should also be takea of whether or not any specific physiological 
change observed is an immediate manifestation, of those reactions into 
which the hormone enters in order to produce a certain physiologic 
response Apparently hormones do not initiate any new metabolic 
processes but rather influence the rate of speed of existing processes by 
accelerating or inhibiting certain enzymatic reactions m the cell upon 
which they act 

The influence of the vanous endocrine secretions on metabolism i*! 
briefly outlined The exact role which each of the different endocrine 
principles plays in the process of metabolism has not been fully estab 
lished as yet 


A Pancreas 

The importance of insuhn with regard to metabolism becomes evident 
upon examination of the physiolc^cal disturbances m the body which are 
observable in the absence of the secretion of msulm (pancreatectomy, 
diabetes mellitus) The following symptoms have been found to be 
characteristic 

(1) Pronounced hyperglycemia and glycosuria 

(2) Depiction of the glycogen stores m certain tissues (liver, muscle) 

(3) Lowering of the respiratory quotient, indicating a decrease m the 
rate of the oxidation of glucose 

(4) Increase m the NPN of the unne, which is due to an increase in 
the conversion of protein into glucose 

(6) Increased formation of ketone bodies (ketosis), caused by an 
acceleration of fat catabolism 

Injection of insulin will relieve all these symptoms and re-establish a 
practically normal metabolism 

B Pituitary (78,114,185,186) 

Injection of a postenor pituitary extract causes a diminution of liver 
glycogen but effects no change in muscle glycogen Knowledge of the 
action of the anterior pituitary on metabolism is still incomplete WTiile 
some of the principles (growth and lactogenic) of this endocrine organ 
act directly on the tissues, others (thyrotrophic, adrenocorticotrophic 
and gonadotrophic) exert their influence by stimulating their respecti%e 
end organs (thyroid, adrenal cortex, and gonads) 

That the anterior pituitmy mfluenccs metabolism is shown by the 
following observations 

(1) Kemoval of this organ renders the animal more sensitive to 
msulm The glycogen stores of the hver and muscles are more rapidly 
depleted on fasting than in normal animals Injection of anterior 
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pituitary extracts prevents tlus depletion of the glj cogen stores and 
renders the ammal more resistant to msulin Hypophysectomized 
animals shov, a decreased excretion of nitrogen m the urine, indicating 
a decreased breakdoMTi of body protein A decrease in the total metabo- 
lism of the body is also observed 

(2) The sj mptoms of experimental diabetes (removal of the pancreas) 
are greatly ameliorated following h3T)ophysectomy The diabetic symp- 
toms are manifested again upon injection of anterior pituitary extracts 
into such doubly operated animals 

(3) A diabeteshke effect can be produced in normal dogs by the dailj 
injection of increasing amounts of anterior pituitary extracts o\er a 
penod of se^eral dajs or weeks The same effect can be obtained more 
readily in partially depancreatized animals 

C Adrenai. (8-1,85,99) 

In general it may be said that the influence of this endocrine organ is 
Similar to that of the anterior pituitary, since part of its functional 
integrity is under the control of the anterior pituitary 

The principle of the adrenal medulla accelerates glycogen breakdown 
m the h\er and muscle tissue 

The function of the adrenal cortex may be classified into two mam 
groups 

(1) Control of the distribution and excretion of morgamc ions 

(2) ConlTol of organic metabolism 

The adrenocortical principles which influence primanly the distribu- 
tion and excretion of electrolytes are not the same as those that affect 
primarily organic metabolism 

The effects of those adrenocortical hormones that influence orgamc 
metabolism may be due to 

(1) An inhibition of the peripheral utilization of glucose 

(2) An inhibition of liver glycc^nolysis or an acceleration of the 
conversion of glucose to glycc^n 

(3) A control of the rate of deamination of ammo acids and m con 
sequence of the rate of gluconeogenesia from protein 

D Thyroid (79) 

The rate of oxygen uptake of all tissues is increased following the 
injection of the thyroid hormone Prolonged administration of the 
thyroid pnnciple produces diabetes m partially depancreatized dogs 

E Govads (101) 

The relation of the secretion of the vanous sex glands to metabolism 
has not yet been well defined 
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For a more detailed descnption of the metabolic mRuence of the 
pituitary, adrenal, thyroid, and gonads the reader is referred to the 
chapters in this monograph dealing specifically ^\lth these endocrine 
glands It IS apparent from the forgoing brief outline of the influence 
of the secretions of the \ anous endocrine organs on metabolism that the 
physiological action of insulin is in general antagonistic to that elicited 
by the pituitary, adrenal, and thyroid (113) 


IX Endocrine Function of the Pancreas 


In the folloNVing paragraphs the endocrine function of the pancreas 
will be briefly discussed It is not nithm the scope of this rcMeii to 
discuss all the publications dealing nith the physiological action of 
insulin and hence only those which appear to reflect the major trends of 
more recent work on this subject will be considered For a discussion 
of the earlier investigations on this subject the reader is referred to v anous 
reviews (55,76,80,88) 

Pancreatic endoenne function has been studied from several points 
of view (a) the effect of various factors on the insulin content of the islet 
tissue of the pancreas, (b) the control of the secretion of insulin, (c) the 
physiological effect of insulin 

According to Haist (60), who reviewed the factors influencing the 
insulin content of the pancreas there are tw o types of processes by w hich 
the amount of insulin lo the pancreas may be reduced those uhich 
decrease the need of msuUn and so reduce its production, as fasting, high 
fat diets the administratioo of insulin, and those which increase the need 
for insulin relative to the available supply, as partial pancreatectomy, 
treatment with diabetogenic anterior pituitary e'ctracts, probably also 
treatment with adrenocortical extracts since Ingle (83,80) has shown 
that glycosuria and hyperglycemia can be produced m normal rats by the 
administration of large amounts of l7-hydroxycorticosterone and 
17 hydroxy-11 dehydrocorticosterone Insulin injections enhance the 
effects of fasting and fat feeding in the rat, reducing the insulin content 
of the pancreas to very low values Experimental evidence seems to 
support the view that fasting fat feeding and insulin administration 
reduce the need for endogenous insulin and lower the insulin content of 
the pancreas by making the islet cells less active (69) On the other 
hand, administration of insulin tends to prevent the lowenng of the 
insulin content or the islet changes that may be observed following 


anterior pituitary injection or partial pancreatectomy 

Allen (2) using partially depancreatjzed dogs showed that the islets 
developed hjdropjc degeneration within a week after sugar was found m 
the urine This change progressed until the fourth to sixth week of 
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glycosuna Thereafter the islets underwent atrophy, becoming few and 
small Copp and Barclay (33) demonstrated morphological recovery of 
hydropic islets m partially depancreatized dogs dunng treatment with 
insulin Although the hydropic islets were restored, recovery of the 
animals was not possible because the pancreatic remnants had been 
ongmally too small Bell, Best, and Haist (10) reported that m partially 
depancreatized dogs, when a sufficient amount of the gland was removed 
to produce diabetes, the insulin concentration in the remnant was reduced 
to very low values, whereas when enough gland was left to prevent the 
onset of diabetes, the insulin concentration in the remnant was usually 
found to be w ithin the expected normal range These findings support 
the preMously expressed \iew of Allen (2) that the degenerative changes 
which occur jn the islet cells of the diabetic partially depancreatized dog 
result from oxerstimulalion of the insulin secreting mechanism Mirsky 
and his associates (129) obserxed that in partially depancreatized dogs a 
persistent diabetic condition could be produced by excessive and pro- 
longed insulin administration Gellhom Feldman, and Allen (67) could 
not detect any insulin in the blood of totally depancreatized dogs 

Following the observation of ^oung and lus associates (144) that 
permanent diabetes could be produced m dogs by the injection of anterior 
pituitary extracts and that this was associated with destruction of the 
islet tissues, Best and his associates (13) have shown that daily adminis- 
tration of insulin along with the anterior pituitary extract tends to pre- 
vent reduction m the insulin content of the pancreas and degranulation 
and hydropic degeneration m the beta cells of the islet tissue Lukens 
and Dohan (115) have made the interesting observation that the diabetes 
produced in partially pancreatectomizcd cats by administration of 
anterior pituitary extracts may be allowed to continue for several weeks, 
after which, if the animals are adequately treated with msulin for a few 
weeks, the subsequent withdrawal of insulin is not followed by glyco- 
suria Indeed, the animals may be said to have recovered from the 
diabetes, and this conclusion was borne out by histological examination 
of the islet tissue, which showed that the characteristic hydropic degen 
eration present pnor to insulin treatment had disappeared 

From these and other experiments it appears that treatment with 
insulin can improve both anatomically and functionally the islets dam- 
aged by anterior pituitary extract, if the lesions have not advanced too 
far According to lukens (116) hyperglycemia is the chief causative 
factor in the subsequent failure of the pancreas, and prevention of hyper- 
glycemia by insulin protects the islet tissue Hyperglycemia proba 
bly leads to an exhaustion of the beta cells m the islet tissue through 
overwork 
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The view that diabetes metbtus is due solely to failure of the pan- 
creatic islet cells to secrete adequate quantities of insubn is not very 
satisfactory in the light of the finding that a diabetic may display an 
apparently normal pancreas Mirsky (l2Sa) has propo&ed the thesis 
that diabetes mellitus m man is due to an insufficiency of insulin which 
IS only rarely due to a decreased production of insulin by an inadequate 
pancreas hlirsky proposed that in moat instanc'^s of human diabetes 
there is an increased utilization, destruction, or inhibition of msnlm bj 
tissue protemases or by an insulin antagonist which results in a decrease 
m the concentration of circulating insulin The possibility of a djsfunc 
tion of the mechanism w hich controls the release of the actn e principle 
from the eells in which it is formed may also have to be considered 

The prevention and cure of diabetes in experimental animals may 
arouse hope that similar procedures may some daj be applicable to the 
liuman subject However, this will not be eas> until the potential human 
diabetic can be recognized much earlier than is possible at present, and 
until more information becomes available on the etiology of the diabetic 
state ID man Lukens (IIG) has reviewed the clinical and experimental 
data relating to the etiology of diabetes mellitus (See also ref 176 ) 

A Control of Insulin Secretion 

The present evidence seems to indicate that the production and 
secretion of insulin is not directly dependent on endocrine factors since 
it has been found that hypophysectomized (C8), adrenalectomized, 
and gonadectormzed (70) animals do not exhibit any signs of insuhn 
deficiency 

It is generally assumed that the blood sugar level regulates the secre- 
tion of insulin There is some indication that the blood insulin level may 
be involved The chemical factor is the principal and essential mecha 
nism, the nerv ous (v agal) factor is secondary and dispensable, and onl} 
acts as an accessory mechanism increasing the speed of the adjustment 
Conditions that depress the blood sugar level lessen the requirements for 
insulin while those that result in an elevation of blood glucose stimulate 
an increased insulin production A continued stimulation such as i' 
produced bj a continued high level of blood glucose appears to cause at 
least in some species an ultimate breakdown of the insulin secretorj 
mechanism resulting in diabetes However m a recent communication 
Conn and Louis (32) claim to have obtained e\ idence of the presence in 
the antenor pituitary of an msulotrophic pnnciple which directly stimu 
lates the islets of the pancreas It is difficult to reconcile this view with 
the finding that hypophysectomy fails to cause an> significant involution 
of the islets 
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B ALLOXAif Diabetes 

It maj be pertinent to refer here briefly to the effect of alloxan on the 
islet tissue of the pancreas In 1943 Dunn and McLetchie (47) had 
reported the interesting finding that parenteral administration of alloxan 
may be folloi\ed, m rabbits and rats, by complete necrosis of the pan- 
creatic islet ti«sue, together w ith a condition of persistent hj perglycemia 
and gljcosuria in nhich all the cardinal symptoms of diabetes mellitus 
may be manifest The glycosuria could be abolished by the admmistra 
tion of insulin These findings ha\e been confirmed and extended by 
numerous investigators Histological studies of the pancreas after 
treatment nith alloxan have revealed an immediate degranulation and 
later degeneration of the beta cells The alpha cells remain unaffected 
(63) This observation fortifies the hypothesis, derived from earlier 
studies of the pathological changes m diabetes, that insulin is secreted 
by the beta cells This obsert ation also paves the n a> for studies of the 
possible separate functions of the component cells of the islet tissue 
Apparently alloxan affects the beta cells of the islet tissue directly and 
does not act through the medium of disturbed blood sugar regulation 
The degeneration of the beta cells consequently leads to a decrease of 
insulin production The reason for the necrotic effect of alloxan on the 
beta cells of the pancreatic isfets is not knoivn Dunn, Kirkpatrick 
McLetchie, and Telfer (40) have discussed the po<:sibility that alloxan 
maybe formed in the body under phj Biological conditions and may act as 
a regulator of islet activitj They refer to alloxan as a "possible cause 
of an initial disturbance of the islet system which may eventuate in 
diabetes mellitus " However, direct evidence for such a biological role 
for alloxan is at present lacking For additional information the reader 
is referred to several rev lews and reports on the mechamsm of alloxan 
diabetes and on the pathological and metabolic changes obtained m 
various animals on treatment nith alloxan (4,45,63a,64,82,93,100,150) 

C The Effect of Insulin in Animals 

T’nere is genera'l agreement on Vue interpretation ol t'ne p'hysio’iogical 
responses observed on administration of insulin m dcpancreatized ani- 
mals restoration of blood sugar to normal, rise of the respiratory 
quotient, inhibition of excessive ketogenesis and gluconeogenesis, and 
adjustment of the glycogen stores to normal In connection wnth the 
changes m glycogen in dcpancreatized animals, Pauls and Drury (137) 
found, on administration of tnsulm in fasted dcpancreatized rats, a 
marked augmentation m muscle glycogen (0 16%-0 00%) and also in liver 
glycogen (3 26 %-9 78 %), which is in agreement w ith earlier work of other 
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investigators (55,76,80,88) According to Pauls and Drury (137) the 
increases m glycogen stores, however, account for only about one quarter 
of the glucose which is metabolized They suggest that one of the prin- 
cipal effects of insulin is the promotion of a coniersion of glucose to fat 
Administration of insulin also affects the carbohydrate metabolism 
in the normal animal, as indicated, for example, by the reduction in the 
blood sugar Ie\el The interpretation of the physiological responses, 
observed on administration of the hormone to normal animals, is how- 
ever more complex than that m depancreatized animals The lowering 
of the blood sugar level under the influence of insulin is a result of the 
more rapid mthdranal of sugar from the blood by the other tissues 
Admmistration of insulm plus glucose to fasting normal animals causes 
a more pronounced nse in the E. Q than does either glucose or insulin 
alone According to Soskm and Levine (165) the administration of 
insulm to the normal ammal does not increase the utilization of carbo- 
hydrate in the organism as a whole Bridge (2 l)has reinvestigated the 
glycogenic effect of insulm and gluc(^e administration in normal 
rabbits under well controlled conditions From these experiments it 
seems that, of the aspects of carbohydrate metabolism observed, the 
action of insuUn is seen only in the distnbution of glycogen between 
liver and muscle tissue, without insulin, a large proportion of infused 
glucose IS deposited as gly cogen m the Iiv er, whereas under the influence 
of msulm relatively little goes to the liver, most of it appearing m the 
muscles This confirms earlier work of other investigators (17,18,34) 
The apparent contradiction that insulm injections do not increase glyco- 
gen deposition in the liver of normal animals can be explained by the 
effect of the blood sugar level on the reaction glucose 5=5 glycogen, which 
will go to the left if the blood sugar is below normal, a mechanism which 
is essential for the regulation of the blood sugar level Any insulin 
administered to a normal ammal is id excess over the optimal amount 
already present, preventing liver glycogenolysis at first and then causing 
hypoglycemia, which stimulates the secretion of adrenaline, releasing 
glucose from liver glycogen The sugar released is deposited in the 
muscle as glycogen, the blood remaining normal or low Therefore we 
find that the glycogen stores of the liver either are not increased or are 
dimimshed after insulin admimstration to a normal animal, while the 
glycogen stores m the muscle are increased 

In vitro studies have demonstrated that insulin enhances glycogen 
formation m muscle tissue The mcreased deposition of gly cogen is not 
associated with an mcreased oxygen consumption nor mth an increased 
respiratory quotient (58 59,73) Stetten and Hein (170), studynng the 
formation of glycogen m the previously fasted rat in response to insulin 
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by the isotope technique, found that the gl^ cogen appeanng in tlie muscle 
after administration of insulin plus glucose is apparently formed largely 
directlj from glucose 

The diabetic organism excretes abnormally high amounts of nitrogen 
in the unne, indicating that msuhn inhibits protein catabolism It has 
been reported that the transformation of certain amino acids into carbo- 
hydrate, observed m excised liver slices in vtlro, is inhibited by insulin 
(3a, 169a) The reduction of the ammo acid concentration in the blood, 
obsen ed after administration of insulin to normal animals, is secondary 
to an mcreased secretion of adrenahne produced by the hypoglycemia 
Diet apparentlj has an influence on the sensitivity of the animal to 
insulin Roberts and Samuels (147) found that adult male rats force-fed 
a high-fat diet i\ere less sensitive to the action of injected insulin than 
rats force-fed an isocalonc high-carbohydrate diet The decreased sen- 
sitivity was manifest as a markedly increased rate of recovery from 
insulin hjpogljcemia The cause may ha\e been the higher level of 
liver glycogen in the fasted fat-fod animals Gacbler and CiszeMski (54) 
observed that omission of yeast from the diet caused appearance of hyper- 
glycemia and gljcosuna in depancreatized dogs which were maintained 
with insulin Resumption of >ca$t feeding abolished glycosuria m about 
12 days BisUnd and Schreicr (14a) reported that intensive and per- 
sistent oral, or oral and parenteral thenpj with \^tamm B complex in 
diabetes, showing symptoms of dchcieDcy of factors of the B complex, led 
to striking improvement in general health and often to marked improve 
ment m carbohydrate metabolism frcquentlj with reduction in msuhn 
requirement or its elimination altogether 

D Intermediary MtTVBOLisvt of Glucosi 
It has already been pointed out that synthesis or breakdown of 
glycogen, as well as oxidation or formation of glucose, are evidently rapid 
and constantly occurring processes which proceed in a senes of steps, 
each under the control of a specihc S 3 Stem of enzymes (Table II) For 
additional information on the intermediates of glucose metabolism the 
reader is reierrea’ to vanous reviews (r,S9,-iS,iGS,l6S} 

It has been found that the transformation of glucose and its inter 
mediates as outhned in Table II can take place without the mediation of 
msuhn in cellfree extracts and m some systems consisting solely of suit- 
able substrates, enzj mes, and their cofactors 

The question as to the way m which insulm exerts its physiological 
action IS naturally of great interest It is difhcult to conceive the hor- 
mone as reacting directly wrth the different metabolic substrates It 
seems more likely that insulin, and also the other hormones, while not 
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participating m the actual enajmatic processes, may accelerate or inhibit 
certain enzjTiialic reactions or may cause an increased concentration of 
a gi\en enzyme m the tissue upon nhich they act Unfortunately, the 
mode of hormone action is a field uhich, in spite of its great importance, 
has remained almost unexplored thus far 

^Mien insulin is added to suspensions of pigeon breast muscle, the 
respiration of the tissue is maintained for a longer period of time than 
with other similar control suspensions (104) This effect has been shotrn 


TABLE II 

IntERMEOIARY CaRBORTDRAT? MCTASOtlSil* 

Glucose 

Adenosine triphosphate 
HexokiRfise 

Fructose ©-Phosphate Clucose^fr-Phosphate 

II II Phosphoglucomutaae 

Fnictose*l,6-Dipbosphate Glucose>l Phosphate 
II J I PhosphoiyJase 

Triose Phosphate CI}cogen + Phosphate 


Pbosphopininc Acid 


Pyruvic Acid 

It W 

1 I \\ 

i \ 

COj + HiO Lactic Acjd 

* This scheme oniits the detailed steps by which phosphate is transferred between 
the carbohydrates and the adenosine tnphosphate and phosphocreatine systems, and 
also omits the tricarboxylic acid cycle operating between pyruvic acid and COi. 


by Rice and Rvans (143) to be reffected m the sustained abihty of the 
insulin supplemented tissue to oxidize pyruvate 4\Tien insulin is 
absent, practically no pyrux ate is utilized after 6f>-90 minutes, although 
the oxygen uptake of the suspension is of considerable magmtude 

The tn vitro relationship between insulin and pyruvate oxidation 
shown by these experiments may be indirect, however, since results 
obtained in humans and dogs seem to exclude any participation of insulin 
m pyruv ate oxidation (23,24,26) Suedtng and his co-w orkers (23) hav e 
shown that pyruvic acid does not accumulate in the blood of the diab^c 
ammal after the administration of glucose until msulin has been injected, 
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after ^hich jt appears m large quantities These findings indicate that 
insulin may act at some intermediary stage between glucose and pyruvic 
acid 

Researches in recent years have demonstrated the importance of 
phosphate intermediates in catboh>drate metabolism (35,103,169) The 
influence of insulin and glucose administration upon several phosphate 
fractions of the blood, liver, and muscle of various animals has been 
in\ estigated The diabetic organism exhibits an abnormally high level 
of inorganic phosphate m the blood, which is corrected by treatment with 
insulin Soskin Le\ine, and Hechter (160) reported that the reduction 
m the amount of inorganic phosphate in the blood found in normal am- 
mats on administration of insulin is due to insulin, while the nse m the 
hexose monophosphate content of the muscle observed under the same 
experimental conditions is due to adrenaline and results from the break- 
down of muscle glycogen It is sometimes difficult to differentiate 
between insulin and adrenaline actions m normal animals, since hyper- 
glycemia causes a stimulation of the pancreatic islets and hypoglycemia 
a stimulation of the adrenals These findings of Soskin, Levine, and 
Hechter have been substantiated by Weissberger, employing labeled 
phosphate (180) Administration of insulin apparently causes an accu- 
mulation of hexose monophosphate in the blood (95 180) bsing radio* 
aetnc phosphorus as a tracer, Sacks (152) observed that injection of 
insulin into cats caused a marked increase m the turnover rates of phos- 
phocreatine and adenosine tnpbospbate m resting muscle during glucose 
absorption, but there was no increase m the turnover of glucose-6 phos- 
phate beyond that produced by glucose alone Sacks postulated that 
the increased turnover was associated with the increased oxidation of 
glucose which insulin produced m resting muscle Phosphate m the 
liver was found by Kaplan and Greenberg (94,95) to be increased at the 
expense of the plasma inorganic phosphate after injection of insulin to 
rabbits given radioactn e phosphate Both insulin and glucose caused 
an increase m the radioactive adenosine triphosphate and a decrease in 
the residual and alcohol soluble radioactive phosphate of the liver 
Injection of malonatc inhibits the degree of increase m liver adenosme 
tnpho'sphate which folloivs the injection of insulin Coincident with the 
lower adenosme tnphosphate values there is an increase in inorganic 
phosphate (90) 

Stadie (169), reviewing the problem as to whether insulin affects the 
metabolism of phosphate, concluded “There is good evidence that 
insulin play s a role m the metabolism of phosphate This is particula-ly 
true when the interrelations of carbohydrate and phosphate metabolism 
are considered The precise chemical mechanisms by which this effect 
of insulin IS brought about are however far from elucidated " 
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The recent finding of Price, Con, and Colo^\lck (139) that the mhibi 
tory effect of certain anterior pituitary fractions in the transformation of 
glucose to glucose 6 phosphate could be released by insulin, is of great 
interest m this connection As can be seen from Table II, the first step 
in the utilization of glucose by animal tissues, a step common to its trans 
formation to glycogen or its oxidation, is the formation of glucose-S- 
phosphate The action of insulin in. the tissues, therefore, is to promote 
the conversion of glucose into glucose-6-phosphate, an intermediate sub- 
stance ■which is necessary for both utilization and glycogenesis 

Employment of labeled agents such as radioactive phosphorus and 
the isotopes of carbon, nitrogen, sulfur, and other elements will, no doubt 
be of great help in obtaining a more precise knowledge concerning the 
mode of action of insulin 

From expenmental data at present available, the following functions 
may be attnbuted to insulin 

(1) Acceleration of glucose oxidation m the tissues 

(2) Increase in the rate at which glucose is converted to glycogen and 
fat m the various tissues It is still undetermined whether insulin has a 
direct influence on the formation of liver glycogen or whether it inhibits 
hepatic glycogenolysis which is caused by certain other hormones This 
inhibitory effect of insulin w ould enable the liver of the normal animal to 
retain its gl) cogen, and would also account for the disappearance of liver 
glycogen in the depancreatized animal (absence of insulin) 

Increase m glucose oxidation and in the rate of glycogen formation 
probably accounts for the fall m blood sugar observed ^ter insulin injec- 
tion in depancreatized animals 

(3) Inhibition of carbohydrate formation in the liver from noncarbo- 
hydiate sources Gluconeogenesis is under the partial control of certain 
other endocrine principles (anterior pituitary and adrenal cortex) 

(4) Inhibition of excessive formation of ketones 

Decrease in glucose oxidation and increase in hepatic glycogenolysis 
and gluconeogenesis cause hvpeigilycemia, ivhich may be due to the 
following factors 

(a) lieficiimt supp’iy o5 insiihn 

(b) Liberation either at a normal or excessive rate, of those prm 
ciples which enhance glycogenolysis and gluconeogenesis, and of those 
which reduce glucose utilization 

Two apparently opposing -views regarding the mechanism of the 
metabolic actions of insulm on the one hand and the secretions of the 
anterior pituitary, the adrenal cortex, and the thyroid on the other hand, 
have been expressed 
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1 Nonutilization theory In the absence of insulin, the capacity 
of peripheral tissue to metabolize glucose is greatly diminished Turther- 
more, certain of the anterior pituitary and adrenal cortical principles 
depress the utilization of glucose and m addition either directly or 
indirectly stimulate glucose production in the hi er from protein 

n The overproduction theorj, on the other hand, postulates that 
glucose utilization in the peripheral tissue is not influenced to a great 
extent by insulin or by the anterior pituitary and adrenal cortical prin- 
ciples The excess amount of glucose is due solely to a stimulation of 
increased glucose production not only from ammo acids but also from 
fatty acids in the liver by certain of the anterior pituitary and adrenocor- 
tical hormones The overproduction theory has been mainly developed 
by Soskm and his associates (lC5a) 

The tuo opposing vieivs are not iiecLsaariU mutually exclusive, but 
each, to a lesser or greater degree, may constitute one aspect of a more 
comprehensive understanding of metabolism 
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Introduction 

The numerous methods that ha\e been uaed for the quantitative 
determination of biologically active substances may be divided into 
chemical (I), phjsical (11), and btolt^ical (III) Measurement of quan- 
tities and concentrations of the estrogens and of progesterone liave been 
made by all three methods It is not possible to present all of the pro- 
prisfd ischsiqi^es js dpfjpjJ Arjinrdjxyjljr those wJurJb Are prjjrtjeaJ Setr 
usual assay purposes wall be explicitly presented and reference will be 
made to others where requisite In general assay methods have been 
employed for two purposes the determination of active hormones as 
chemicals or pharmaceuticals, and the determination of active hormones 
in body tissues and fluids In the former case macromethods are often 
applicable and desirable, m the latter case micromethods ore ordinarily 
mandatory because of the minute or at best rather small concentration 
of these hormones in the body and its excreta 
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International Standards 

Two estrogenic substances have been set up as International Stand- 
ards under League of Nations conferences (C9,70) on hormone standardi- 
zation Crystalline estrone was contributed to the estrone reference 
standard and the international unit was defined as the specific cstrus- 
producing activity contained in 0 1 ;ig The international unit of 
estradiol benzoate is 0 1 ;ig of this compound The international unit 
of progesterone is the specific progestational activity contained in 1 mg 
of crjstallme hormone 

I. Chemical Methods of Assay 
A Estrogens 

The most obvious and ultimately the definitive method of chemical 
measurement of presumed estre^ens is the weighing of the isolated crj-stal- 
hne compounds and theur identification by melting points, melting points 
of denvatives, and other physical characteristics This involves methods 
of fractionation and purification given m the next chapter, which need 
not concern us here The gravimetric determination of estnol m late 
human pregnancy unne and of estrone in mare’s pregnancy urine is 
practicable in view of the relatively large amounts obtainable and the 
possibility of separating these compounds out almost quantitatu ely by 
fairly simple fractionation and subsequent chromatography In all 
other instances in which analysis of ammal estrogens has been sought, 
isolation IS not practicable unless extremely large quantities of starting 
material are used and ordinarily rather complex extraction procedures 
employed In the practice of either clinical analyses or research mi esti- 
gations the most common microchemical method of determination 
employ ed is an estrogen color reaction 

Kober (45) was the first to propose a color reaction for urinary estro- 
gen, he observed that pbenolsullomc acid reacted ivith estrone and 
urinary extracts to give a pink color Since Kober’s publication v anous 
investigators have studied one or more modifications of his reaction and 
examined other colorimetric reactions of estrogens The pertinent 
publications are summarized in Table I It should be pointed out that 
in most mammalian tissues and fluids the naturally occurring estrogens 
are estrone, estradiol (/3-estradioI in the rabbit, a-estradiol m all other 
mammals examined, see Pmeus and Pearlman, 59, and Doisy, 25), and 
estnol Equilin, eqmlemn, and related estrogens appear to be peculiar 
to the horse family Ideally one should have a specific color reaction for 
each of these that may be developed quantitatively m the presence of 
other compounds present ra the extractions containing the estrogens 
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This ideal has not been met In every procedure proposed in Table I a 
greater or lesser amount of punfication of the original sources of the 
estrogens is required In none of the purification procedures employed 
IS an absolute quantitative yield of all of the estrogens assured Turther- 
more m most instances accompanying estrogens m the final extracts are 
nonestrogemc chromogens which react with the reagents employed to 
give either the same or some other color It appears probable that the 
mines of late pregnancy may be assayed colorimetrically for their estro- 
gen content By all methods, except possibly that of Stiramel, the 
estrogen content of nonpregnancy or early pregnancy urines is not 
ascertainable due to the presence of interfering chromogens Even in 
Stimmel's method the use of a color correction equation is requisite (78), 
and then can apparently be applied safely only to the midmenstrual 
peak of excretion in v omen Finally none of the methods appear to be 
applicable to extracts of blood body tissues feces, or the urines of men 

B Progesterone 

The gravimetric determination of pure progesterone as isolated from 
corpus luteum tissue or whole ovanes is the only quantitative method 
known No practicable color reactions have been proposed The 
almost complete absence of progesterone from urme has sot encouraged 
the sort of development observed m estrogen microcolonmetry 

The chief metabolite of progesterone is pregnanediol It has been 
measured quantitatively in pregnancy urine and in the urines of the 
luteal phase of the menstrual cycle as pregnanediol glucuronide by the 
method of Venmng (87) ‘Spontaneous" hydrolysis of the glucuromde 
must be guarded against by preserving the unne with Eodium cyanide 
Colorimetric measurement of the glucuronic acid freed on hydrolysis has 
been advocated to avoid certain steps m the Venning procedure (42) 
Where sufficient quantities of pregnanediol are present, direct isolation 
IS advocated (Astwood and Jones 5) The method of Astwood and 
Jones gives values 20% to 40% lower than those obtained with the 
Venmng method (Bachman, 10 hlaman's recent finding (51'; that 
glucuronides obtained by the Venmng method contain considerable 
amounts of the pregnanolones may account for this difference A color 
reaction of pregnanediol with sullunc acid (82) can be applied only if the 
free pregnanediol is relatively imcontanunated by impurities Its appli 
cation to the neutral alcoholic, nonketonic fraction of human unne has 
therefore been suggested (56) 

The pregnanolones are 20 ketosteoids found in human pregnancy 
unnes Although chemically quite similar to pregnanediol they prob- 
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ably do not represent metabolites of progesterone (59), but are more 
likely metabolites of adrenal steroid precureors (88) 

II Physical Methods cf Assay 
A Estrogens — Absorption Spectrophotometry 
The natural estrogens show a characteristic absorption spectrum in 
the ultra\ lolet due to the presence of the phenolic ring The absorption 
maximum is at 280 mfi in ethanol solution The equilenin senes differs 
from the estrone senes because of the naphthalenic structure of the 
former (43) Chevalher et al (14) ha\e used this absorption peak as a 
qualitative test for estrone in mare's pregnanej urine, but in most 
mines there are interfering substances in crude fractions Fricdgood 
and (jarst (32) have recently re-examined the problem of the conditions 
necessary for the separation of mixtures of pure estrone, estradiol and 
estrio) by methods which entail minimal losses and typical ultraviolet 
absorption curves A procedure involving 48 extraction steps was 
c^ olved, but it has not been applied to biological specimens 

The infrared spectrum of the estrogens has been examined with a 
view to their assay by this method (33) The estrogens are distinguished 
by four bands at 11 30 to 11 42, 8 60 to 8 70, 6 20 to 6 30, and 6 65 to 
6 70a Thus far no application to biological specimens has been reported 

B Progesterone — Absorption Spectrophotometry 
The conjugated ketone of ring A of progesterone shows a tiTiical 
ultraviolet absorption maximum at 240 m#t (in ethanol) This tjpe of 
absorption is exhibited by the other steroid hormones having this aff 
unsaturated ketone structure (see 43) Reynolds and Ginsburg (711 
ha\ e made an approach to its utilization as s means of detecting proges- 
terone in blood Its practical application has, however, not been 
realized as } et The conjugated 3-ca bonj 1 in steroids is associated also 
with an absorption maximum m the infrared at 1678 cm ' (43), but 
specific recognition of progesterone in the presence of other absorbing 
compounds has not been achieved 

C Estrogens — Polarographic Assay 
Estrone couples with the ketone rei^ent of Girard to give a water- 
soluble compound having a specific current discharge on reduction at the 
dropping mercury electrode measurable polarographically (92) By 
appropriate adjustment microquantities of this ketone complex maj be 
measured (10 90) The neutral 17 ketostefoids of human urine have 
been measured by this method (90,92), and the measurement of estrone 
is also being attempted (91) 
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in Biologic&l Assay Methods 
A Estrogens — Vaginal-Smear Methods 

Standard estrogen bioassa\s are bas®d on the Allen-Doisy vaginal- 
smear method (2,44) It has been modified considerably by numerous 
in% estigators m order to increase its sensitmty and reliability In each 
instance the essential procedure is the administration of standard estro- 
gen to o\ ariectomired rats or mice and the examination of the vaginal 
smear at a given inteiNal or \anous intervals after estrogen administra- 
tion for the cormfied epithelial cells that arise as the result of estrogen 
action in the otherwise quiescent vaginal epithelium On the basts of the 
percentage of animals show ing cormfied (positne) smears with mcreasing 
estrogen dosage a dosage-response curve is constructed Ordinarily the 
dosage which results m positive smears in 50% of the animals is deiig 
nated as the unit of estrogen A considerable number of factors will 
determme the amount of estrogen necessary for a unit dose The role 
of various of these factors has been reviewed m a number of cntical 
publications (18,22,24,29,44,52 55,67) Tables 11 and III illustrate 
most of the contributing v artables 

Table 11 is taken from the data of Pedersen Bjergaard (55) It 
demonstrates that identical methods of administration to different species 
lead to quite different assaj umts and that the ratio of activTties between 
two estrogens v anes from species to species The solvent employed and 
the frequency and route of administration all affect the derived assay 
unit Although taking the activity per weight of animal tends to reduce 
the marked difference in unit size from species to species (c y , the sub- 
cutaneous oili injections), mde variations arc still encountered 

Table III is taken from a paper by Thaj er, Daisy, and Doisy (84j 
In testing the comparative activities of estrone P and et-estradiol and 
p-estradiol benzoate, five bioassaj methods were employed These 
were as follows 

1 Modified Butenandt Procedure 

Single Injection of Estrogen tn Od, Mice (JZ) “Mice were ovanec- 
tonuzed as previously desenbed by Allen and Dois} (1) Vaginal smears 
were made daily for a period of two weeks following ovanectomy and 
animals that did not show a negative smear each daj were discarded 
Two weeks after ovariectomy, the mice were primed with an aqueous 
solution of estrone containing 0 1 t or one international unit Smears 
were taken at 9 OOam.l OOpra, and 5 00 p m , starting 48 hours after 
the injection 
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TABLE II 

Effect of Methods of Administhatiov and Species of Test Ovariectomized 
Animals on the Estrogenic Bioassat op the Two Intervatiovai- 
Standard Prefaratjona 


1 

1 

Animal | 

i 

Solvent 

1 

No of 
admin- 
istra- 

1 Estrone 

Estradiol benzoate 

Relative 
potencj , 
unit of 
estrone/ 
unit of 
estradiol 
benzoate 

Assay 
unit, 1 

Mg 

Unit/ 

20b I 

animal, 

Mg 

Assay 

unit. 

Mg 

Unit/ 
20 b 
animal, 
Mg 

Mouse 

Oil 1 

S 

1 

0 35' 

O 35 

0 108 

0 108 

3 20 


Water 

s 

5 

0 19 

0.19 

' 0 22 

0 22 

0 86 


Water 

0 

5 

11 70j 

11 70 

11 50 

11 50 

1 00 

Rat 

Oil 

s 

1 

2 76 

0 28 

' 0 28 

0 03 

1 9 90 


Water 

s 

5 

1 111 

0 11 

0 28 

0 03 

4 00 


Water 

0 

5 

220 00| 

22 00 

225 00 

22 50 

0 98 

Guinea 

oa 

s 

1 

600 00 

15 00 

45 00 

! 1 13 

13 00 


Water 

s 

5 

460 00| 

11 50 

30 00 

O 76 

15 00 


Water 

0 

5 

8900 00 

223 00 

» 



Monkey 

oa 

s 

1 1 

1000 oo| 

1 5 00 

25 00 

0 13 

40 00 


Water 

0 

1 1 

5000 OOj 

' 25 00 

100.000 00 

500 00 

0 05 


* S B sabcutftQeous, 0 oc&l 

* laeffective at any level tested 


TABLE III 

Potencies of d-^lsTRADion, ^Estradiol Monobenzoate, o-Estradiol, and 
Estrone as Determined bt Five Different Methods of Bioassat 


Compounds* 1 

Butenaudt 
modiOed | 
units/nig 

Marrian- 
Parkes 
modified i 

units Ang 

Thayer- 

units/mg 

mice 

Alkn- 

Doisy 

modified 

units/mg 

Curtis- 

Doisy 

modified 

units/mg 

rats 

^Estradiol 

700 

8000 

3000 

200 

700 

a- Estradiol 

35,000 

70,000 

40,000 

17,000 

5000 

Estrone 

20,000 

35,000 

20,000 

1700 

1000 

/5-Estradiol benzoate 

1000 

2400 

450 

200 

200 

R' 

28 

' 4 4 

! 10 

8 5 


R» 

I 4 

0 3 

0 22 

1 



Potency of estrone _ Potency of g estradiol-S-benzoate 
Potency of p-estradiol’ ” Potency of ^-estradiol 
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"One week after priming the mice were divided into two groups of 
20 animals Each of one group of 20 ammals was injected subcutan- 
eously at 9-00 am vath the oily preparation being tested, each of a 
similar group was mjected wnth the standard estrone preparation dis- 
sohed in oil, and the proportion of positne effects m each group was 
determined After one or two trial experiments, the dosage could 
usually be so adjusted that approximately the same percentage responses 
to the unknown and standard were obtmned In accordance with the 
work of Coward and Bums (18) a 50 per cent positive response was 
regarded as one umt, the unknown was evaluated in terms of the standard 
response curi e and the concurrent response to the standard 

"Mice that failed to respond positively to an injection within 80 
hours were immediately primed with an oUj solution containing 0 05 
V of estrone Owmg to the slow rate of absorption mice were not used 
agam until four weeks had elapsed following a positive response The 
\oIume of oil mjected was usuallj 0 2 ce and m all experiments the 
unknowTi and standard were administered in the same volume ” 

2 Mather Mcdifieatton cf the Maman^PoTles Procedure 

Four Ityeclions o/ an Aqueous Solution, Mice (o2,5S) "Ovanec- 
tomued mice were gn en subcutaneous injections of four equal quantities 
of an aqueous solution at 8 00 a m and 5 00 p m , startmg 16 hours after 
the last mjection, and the last smear was taken 48 hours after the first 
smear In this method the same prmciples were followed as m the 
modified Butenandt method, using comparable animals and the same 
method of determinmg potency of a preparation The estrogens and 
the standard preparation used m this assay procedure were dissoh ed m 
an aqueous medium Animals that showed a negative response from 
previous mjections were primed with an aqueous solution containing 
0 1 Y of estrone before they were used for another assay In this method 
the test animals were used every two weeks ” 

3 Thai/er-Dotsy Piwedure 

Three Injections of an Aqueous Solutton, Mice "Injections were 
made at 9 00 am, 1 00pm, and 5 00 p m on the same day The 
same prmciples regarding primmg, estimation of activity, etc which 
were used m the precedmg method were foUowred in this procedure, with 
the exception that the mice were used for assay at mtervals of seven 
days We have used this method for many j ears as a routme procedure 
to deterimne the biological activity of estrogens " 
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4 Allen-Doisy Procedure 

Three Injections of an Aqueous Sotutioa, Rats (i) “Ovanectormzed 
rats ^ere given subcutaneous injections of three equal quantities of an 
aqueous solution at interv als of four and one-half hours All rats used 
had gu en a positive response one week before use for assay due to priming 
with 1 2 7 of estrone or a pre\ious assay The same principles nere fol- 
lowed as in the other procedures for determination of units In this 
method the changes of the cells in the vagina may be regarded as positive 
if a few leukocytes are present along with the nucleated epithelial cells 
and squamous nonnucleated epithelial cells ” 

6 Curlis-Dotsy Procedure 

Six Injections of Aqueous Solution, Immature Rats {19) "The estro- 
gen was injected at 9 00 a m and 5 00 p m on three successive days 
Changes in the procedure from the original method as published by 
Curtis and Doisy were the requirement of opening of the vagina with a 
positu e smear, and the application of the same procedure for determina- 
tion of units as in the other assay methods ” 

These represent current and frequently employed methods of bio- 
assay It may be seen that the latent period between ovariectomy, 
priming, and successive assays give marked differences in sensitivity 
(see methods 1, 2, and 3) as does the entenon of a positive response It 
should be noted that ^-estradiol benzoate does not have the same potency 
as the free estrogen so that not only are there differences between the 
different estrogens but between derivatives of the same estrogen 

There are other variables to be considered These are (o) the diet 
of the animals e g , vitamin A deficiency leads to vaginal comification 
(31) and certain B complex deficiencies to absence of estrogen effect (35), 
(t>) the method of taking vaginal smears (e g , too frequent smearing 
per se leads to vaginal cormfication, 44), (c) seasonal or climatic changes 
that lead to significant fiuctuations in the response of test animals 
(21,29 54) and (d) the peculiar insensitivity to estriol that develops on 
its repeated administration to the same animal (20) 

It IS clear from the foregouig that standard preparations of pure 
estrogen should be characterized by the name and specific physical and 
chemical constants of the contained substance If biological units are 
stated the exact method of assay should be given The Untied Stales 
Pharmacopeia in setting up reference standards for the individual estro- 
gens is attempting to formulate a useful standard bioassay procedure 
An approved method, based on the use of spayed ammals, should appear 
in the thirteenth edition of the U SP 
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B Estrogens— Other Methods 

Other types of test animals and cntena of activity have been sug- 
gested as useful m estrogen assay The increase m uterine weight 
effected by estrogens in immature animals offers the opportunity for a 
graded response method Astnood (3) has suggested utilizing the 
increase in uterine « atcr observed in rats at about six hours after estradiol 
administration It has the advantage of great sensitivity but the 
response to \arious estrogens is quantitatively different (G2) The 
uterine hypertrophy occurring after several days administration may 
also be standardized (20 27,46), but an extensive charactenzation of 
controlluig conditions has not been presented Extreme sensitivity is 
encountered when estrogen is applied intravaginally in castrated females 
(30,48,05), but again data sufficiently exact for standard conditions or 
quantification are lacking Recently an extremely sensitive response to 
estrogen, the disappearance of the vaginal closure membrane of the 
guinea pig, has been described (34) As little as 0 OOOS of estradiol 
dipropnonate giv es a positiv e response, great variability, however, seems 
to characterize the effect (47) 

In dealing with the bioassay of impure preparations a further com 
plication IS added to the v anables encountered m the assay of crystalline 
estrogens In unne extracts for example, there occur unknown sub- 
stances that may either augment or inhibit the activity of the contained 
estrogens (28,57) For such preparations, therefore, even an approxi- 
mately accurate estimation of contained estrogens may be had only by 
purification and separation of fractions containing each individual 
estrogen Methods for such fractionation on a micro scale have been 
developed by several investigators (56-58,75), but they have been applied 
chiefly to urine Applicability to estrogen enriched serum perfusates has 
been indicated (72,73) The recent finding that blood estrogens are 
bound to protein (80) indicates the need for further refinement of methods 
in dealing v ith the naturally occurring compounds in this fluid and prob 
ably also in v anous organs and tissues 

If bioassay of estrogens is to be practised with quantitative accuracy 
and reliability, it is clear that eciiain desiderata must be met The test 
animal should respond with minimum variability to the standard estro- 
gen in easily repeatable fashion, the preparation to be tested must be 
sufficiently pure to represent the specific standard estrogen for which 
assay is sought The bioassay procedure for estrone in spayed rats pre- 
sented by Curtis €t al (21) appears to be very nearly the one of choice for 
estrone, a unit of 1 1 pg of estrone is repetitively encountered with an 
accuracy of ±15% (99 tunes out of 100) using fifteen to twenty animals 
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for each of three dosage levels Similar accuracy by a roughly sinular 
method is obtained mth estradiol and estriol (57) For greater sensi- 
tivity a completely reliable method is yet to be developed In any 
method employed the limits of accuracy must be strictly defined The 
necessary statistical methods have been excellently presented by Emmens 
(29), Curtis et al (21), and Pugsley (66) The bald statement of so 
many rat units or mouse units in a preparation is inadequate unless the 
limits of variation, the specific test, and the specific estrogen are included 

C Progesterone 

The progestational proliferation of the uterme endometrium of the 
rabbit in response to progesterone administration has been the basis of 
the chief methods of bioassay for this hormone The ongmal method of 
Comer and Allen (17) requires the use of adult female rabbits ovanec- 
toraized at eighteen hours after a fertile mating A sample portion of the 
uterme horn removed at ovariectomy is sectioned and compared micro- 
scopically vnth a comparable portion removed one day after the last of 
five daily subcutaneous injections of progesterone m oil The degree of 
paeudopregnant proliferation m the latter sections is graded on a scale 
extending from — to -1- -|- -f- + The assay unit is set at a level given by 
+++, and m numerous assays this response has been obtained gen 
erally mth one milligram of crystalline progesterone Increased sensi 
tivity IS bad by the use of immature female rabbits primed wth estrogen 
and then injected with progesterone (15,50), so that a unit dose is then 
about 0 6 to 0 7 mg The presence of ratrogen m extracts to be assayed 
may vitiate these tests, and no statistical analysis setting the limits of 
accuracy is available 

Pincus and Werthessen (60) have devised methods of measuring the 
endometrial response in mature female rabbits and have included meas- 
urements of the ovum growth response to progesterone A dosage of 
0 38 mg progesterone may be detected m a single animal (98 times out 
of 100) Absolute accuracies may also be given on the basis of the num- 
ber of animals employed for assay 

The mtrauterme application of progesterone to the rabbit permits 
the detection of small amounts of progesterone McGinty et al (49) 
were able to detect an effect of 0 13 ng in the primed immature rabbit 
Haskins (40) extended their observations and attempted quantification on 
the basis of the uterine mitoses resulting from progesterone stimulation 
Although he could measure 0 06 to 1 7 /«g by this method, the vanability 
was considerable The intrauterine method has been used to measure 
blood progesterone by Hoffmann and von Ldm (37) 

The contraction after adrenaline administration of the uterus of the 
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progesterone-treated cat is the basis for an assay proposed by ■\^an Dyke 
and Chen (85) A good dosage-response curve is obtained nnth a unit of 
about 0 45 mg (the dosage per cat necessary to produce the uterine con- 
traction in 50% of the animals) 

Astw ood (4) obtains a similar unit m measuring the minimum dosage 
required to elicit a deciduomatous response m the spaj ed pseudopregnant 
rat 

The copulatory reflex in the spayed estrogen-sensitized guinea pig 
may be evoked by progesterone in small dosage Hertz, Meyer, and 
Spielman (36) have attempted to quantitate this response for assay pur- 
poses and obtain measurable results with as little as 0 05 mg per pig 
The variability has not been fully defined 

The endometrial response of the rabbit is obtained also with desoxy- 
corticosterone and methyltestosterone (39) It is not obtained iiith 
pregnanediol although pregnanediol may augment the setiv ity of proges- 
terone (61) Since these steroids and the estrogens may be easily 
excluded from progesterone preparations by ordinary extraction methods 
progesterone bioassay presents no special problem 

hen the detection of progesterone in biological specimens is sought 
all except the most sensitive methods are excluded due to the extremely 
low concentration of this hormone m most fluids and tissues Only 
corpora lutea, ovaries, and placentas have yielded easily quantifiable 
amounts Its excretion into urine does not normally occur, and it is 
reported that only 1/30, 000th of admimstered hormone appears m the 
urine (38) 
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I Chemistry of Estrogens 
A Total Synthesis op Estrogens 
1 Equtlemn and Its Stereotsomers 

Of the many difficulties encountered in the path of total synthesis of 
the estrogens, the mtroducUon of an angular methyl group between nogs 
C and D was one of the most difficult to surmount In view of the many 
noteworthy attempts at total synthesis by other investigators (see the 
excellent review by Jones 90), the successful efforts of Bachmann and 
co-workers in 1939 and 1940 (3) are truly outstanding Starting with 
Cleve s acid, 1 aminonapthalene-6-sulfonic acid (I), eqmlemn (XIV) 
and Its stereoisomers were obtained mil steps I was fused with sodium 
hydroxide to give aminonaphthol, diazotization and methylation yielded 
6-methoxy 1 lodonaphthalene Its Gngnard product (II) was treated 
with gaseous ethylene oxide to yield III, conversion to the corresponding 
bromide was effected by treatment wnlh phosphorus tnbromide The 
bromide was condensed ivith sodium malonic ester and the condensation 
product decarboxylated to give IV, which ivas converted to the acid 
chloride and cyclized to 1 keto 7 methoxy 1,2, 3, 4 tetrahydrophenan- 
threne (V ) The latter compound was first prepared by Butenandl and 
Schramm m 1935 (30) from Cleve’s acid but by a different route V was 
treated w^th dimethyl oxalate in the presence of sodium methoxide to 
yield the corresponding ^yoxylate, VI Haworth had encountered 
difficulty m eliminating carbon monoxide from the glyoxalate but by the 
simple expedient of adding powdered glass and heating, Bachmann 
succeeded in obtaining \ II The sodio denvative of VII reacted with 
methyl iodide whereupon an angular methyl group was introduced to 
give Vni Treatment with methyl bromoacetate m the Reformatsky 
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reaction j-ielded IX. DehydraUon (in ttro steps) gai'c X. A geometric 
isomer of X was obtained as the add anhydride and therefore the car- 
boxyl groups may be assumed to be in ci* relationship in this com- 
pound. The carboxyl group attached to tlie double bond m X extends 


Total Synthesis or EaciLEMN 
(Baehmann Synthesis) 

NH, Mgl CH,CH,OH 



rv V 

(Phensuthrene sj stem 
of numberuigl) 



VI VII 
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Equilenin or stereoisomerB 
(Steroid system of numtiermgf) 


away from the tertiary carboxyl group Both acids (X) yielded on 
reduction with sodium amalgam id water the alpha and the beta forms 
of XI, which are actually racemic mixtures The arbitrary desig- 
nation alpha and beta refers to the spatial configuration of the hydrogen 
atom on carbon atom 1 (phenanthrene system of numbering’) The 
beta acid subsequently yielded df-equilemn, the alpha acid finally 
yielded dl isoequilemn (also independently synthesized recently by Birch 
et al , 12) This conversion (XI— *XIV) was accomplished m the follow- 
ing way the beta acid was converted by the Arndt-Eistert method to the 
corresponding propriomc acid denvative, XII Cychzation by the 
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Dieckmann method ga%e XIII, which on decarbox>lation gave a racemic 
mixture of equilemn (XIV) The racemate was resohed by way of the 
f-menthoxj acetic ester to jTeld d-n-equilenm identical m every respect 
ivith the naturally occurring equilenm first isolated b> Girard et al (C2) 
from the unne of pregnant mares d-/so-equi!emn was found to be 
identical with the 14-epi-equilemn which had been prepared from 
equilemn by Hirschmann and Winterstemer (81) The latter authors 
pointed out that the configuration of d-tso-eqmlenin at Cit is the same as 
that in naturallj occurring equilemn Hence, the configuration of all 
stereoisomers of the natural hormone equilemn are established with 
reference to 14-cpi-equilenin The estrogemc activity of tf-n-eqmlemn 
IS thirteen times that of I-n-equilemn, the d/-iso-equiIenins are relatively 
inactive Smce Marker (109) had prevnously <»ucceeded in converting 
equilemn to estrone (XIX), the Bachmann sjmthesis of equilemn is in 
effect a synthesis of estrone 

Johnson ei al in 1945 (95) bnefly described a new method for syn- 
thesizing equilemn Compound V (see above) was the starting point m 
the synthesis It was converted in three steps to 


CH, 

CN 

*0 


Ct 


(R represents the nucleus of V) which reacted m a novel manner with 
diethyl sucemate to } leld 



The latter substance was readily decarboxylated and then catalytically 
reduced to yield racemic nuxtures of n- and i«(N^quiIemn, these were 
resolved in the usual manner The new synthetic route may be useful 
in attempts to s^mthesize estrone 


5 Total. i^nthesis 

Bachmann and co-workers (6) apphed the methods used m the 
equilemn synthesis in an attempt to synthesize estrone, this is a more 
difficult xmdertaking, since in estrone one has to reckon not only with the 
asymmetric centers at C-13 and C-14 as in equilemn but also with those 
at C-8 and C-9 The authors succeeded only in obtaining a stereoisomer 
of estrone It has been pointed out, however, that this method may 
some day give the desired result The sjuthesis was earned out as 
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lollo-ws the starting compound, 0-m-amsi\ethyl bromide (XV) was con- 
densed with sodiomalonic ester, and then in turn with the acid chloride 
of ethyl hydrogen glutarate The tncarboxj he ester formed w as cyclized 
and partially decarbo\yIated to give XVI Treatment of the dimethyl 
ester of XVI with sodium metlioxide gave the cyclic keto ester XVII, 
which was not isolated as such but used directly The conversion of 
XVII to dZ-estrone a (XIX), was achieved m a manner essentially that 
used m the conv ersion of VII to XIV but the intermediate XVIII (com- 
pare with XI) was not separated into its stereoisomenc components 
d/-Estrone-a possesses only the activity of naturally occurring estrone 
It 13 significant that the resinous mixture from which dJ-estrone a was 
obtained by direct crystallization is considerably more active 

Dane and Schmidt (39) synthesized a stereoisomer or possibly an 
isomer of estrone 6-Methoxy-l-vinyl-3,4-dihydronaphthalene (XX) 
reacted with l-methylpentene-2,3 dione (XXI) in a Diels Alder manner 
to give a 16,17 diketone (XXII) Reduction yielded the ketol XXIII, 
which was dehydrated and reduced to XIX The latter compound was 
not identical with estrone and the estrogenic activitj was not reported 


Total Stntubsis op Estroxz Isoubbs 
A Saehmann Sj/ntheta of dl Ettrone a 






XVII 

(Not isolated) 



xvin 

(Unresolved racemic mixture 
may contain methvi etl er of 
(+) marrianolic acid and 
its stereoisomers!) 

(XVIIIa CH,0 — replaced by HO-) 
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C Breilner Synthesis 


CH, 

I CO 
1 / 


XXV 




/N 

II 

/ 


CH, 

’ C 

/ \ 

/ 


0 


-CO 



CH, 

I^COOCH, 


Cbtin I«sgt^’'>’>K f 


The D nng is probably fused to the phenanthrene system in the cts 
configuration, m the native estrogens, nogs C and D are belieied to be 
m a irons relationship but this has not been rigorously pro\ed On the 
other hand, it is possible that the condensation of XX and XXI did not 
proceed in the manner outlined, so that XXIV rather than XIX may 
actually be the product m hand 

Breitner (128) sketchily described a method for the synthesis of 
estrone The initial step appears to be similar to that in the Dane and 
Schmidt synthesis XX was reacted with citracomc acid anhydnde 
(XXV), the adduct, XXVI, on reduction with sodium and alcohol 
yielded a lactone, hydrolysis of the latter gave XXVII The procedure 
from this point on bears a resemblance to the Bachmann synthesis The 
final product possessed about the same degree of estrogenic potency as 
estrone but the physical properties are not identical Separation of 
stereoisomers was not earned out at any stage m the <5ynthesis 

3 Some Intereshng Homologs of the Estrogens 

Quite a number of interesting homologs of equilenin and estrone hai e 
been prepared and a few of these will be desenbed here Antedating the 
Bachmann synthesis, Koebner and Robinson (98) synthesized ar-nor' 
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eqmlemn* (the prefix x is used to indicate indeterminate stereochemical 
configuration and the prefix "nor” to indicate that the angular methyl 
group between rings C and D is absent), Weidbch and Mejer-Delms 
(186) consider the terminal rings of this compound to be Irans-linled on 
the basis of comparative hjdrogenation expenments in acid and alkaline 
solutions The acetate of z-noreqmlenin is estrogemc only in 10-mg 
doses (Koebner and Robinson, 98) An z-norestrone was prepared by 
Robinson and Rjdon (148), its nng system probably has the os-cis 
configuration Dane and Eder (38) synthesized an z-dehjdronorestrone 
by a different route 

Vanations in the nature of the angular group of dl-equilemn have been 
introduced It appears that the estrogemc potency is largely preserved 
in the homologs up to n prop>I, but the n butyl homolog is inactive 
(Bachmann and Holmes, 5) D-Homoequilenm (stereochemical con- 
figuration’) was prepared bj Bumop ft at (20), the D nng in this com 
pound IS sixmembered instead of five-membered as in the normal 
steroid senes A partial s>Tithesis of n-homoestrone has been descnbed 
(Goldberg and Studer, 64), this compound has about one-thirtieth the 
estrogemc potency of estrone 

Bachmann and Wilds (7) descnbed the total synthesis of the stereo 
isomenc forms of dM7-equiIenone, te equilenin denvatives lacking the 
3 OH group The importance of this OH group for biological potency is 
emphasized by the fact that the dMT-eqmienones (a and d forms) are 
lacking HI estrogemc activity (tested up to 500 ijg m castrated female 
rats) Such compounds are also of interest metabohcally m view of the 
recent isolation of 3-deso\3 equdemn from pregnant mares’ unne (Prelog 
and Fflhrer, 141), this substance shows estrogemc actmtj at a 100-150 ;ig 
do«e level The unnary steroid is dextrorotatory and has the same 
stereochemical configuration as that m native equdemn, the resolution 
of the dl 17-equilenones and companson of these with the unnary product 
would complete the correlation of the two dl senes Wdds e< al (193) 
recently obtained evidence which indicates that the form of 17-equx- 
lenone probably has a trans C D nng juncture, as is assumed to be the 
case in equdemn The a form of 17-equilenone possesses a cis C D nng 
juncture in all likelihood This opimon is shared by Birch, Jaeger, and 
Robinson (12), who synthesized by an independent route a product 
identical with a-17-eq\idenoDe {dl vsoequdemn was also prepared) On 
the basis of results obtained with the mode! substance, a hjdnndanone, 
this group of investigators is inclined lo believe that equilenin (and 
probably the other hormones and sterols) has the Irons configuration at 
the junction of rings C and D 

•Synthcaiied bj an independent route by Bacbmann et al in 1943 (4) 
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B Partial Synthesis op Estrogens 

1 From Ergo$terol 

In 1936, Marker et al (112) reported the partial synthesis of estrone 
(XIX) from dehj droneoergosterol (XXX) The latter is prepared by 
the method of Windaus by exposing a solution of ergosterol (XXVIII) 
and eosin to sunlight in the presence of oxygen A pinacone of ergosterol 
(Windaus and Borgeaud, 195) forms, which on heating loses the angular 
methyl group between rings A and B to give neoergosterol* (XXIX) 
In the latter compound, ring B is aromatic Further aromatization can 
be effected by dehydrogenation in the presence of platinum, dehydroneo 
ergosterol (XXX) (Honigmann, 82) is thereby obtained The latter 
compound is naptholic It is reduced ivith amyl alcohol and sodium to 
produce a phenolic steroid (XXXI) m which nng B is now saturated 
Removal of the side chain in this compound is effected by chromic acid 
oxidation resulting m the formation of estrone (XIX) 

Windaus and Peppe (196) failed to duplicate the results of Marker 
and co-workers (112) They questioned the results of these investiga 
tors on the grounds that reduction of the naptholic nng of dehydroneo- 
ergosterol gives pnmanly nonphenolic matenal Marker (109) stated 
later that it was a minor product (phenolic) and not the major product 
(nonphenolic) which was subsequently utilized m the synthesis (see also 
Section I D 2) Unfortunately, expenmental details for the partial 
synthesis of estrone were not furnished by Marker and his group To 
date, there has been no conhrmation of this synthesis although two mem- 
bers of Marker’s group independently duplicated his results 

Remezof (145) obtained from neoergosterol (XXIX), by a procedure 
of oxidatn e degradation which was not x ery clearly descnbed (lacking in 
charactenzation of the intermediary products), a nonphenolic isomer 
(XXXII) of estrone in which nng B instead of ring A is aromatic 
XXXII IS claimed to be as potent as estrone 

2 From Cholesterol 

Inhoffen and co-w orkers (90) prepared dibromocholestanone (XXX- 
III) which on debrommation gi\es a A' ^-dienone-3 The latter 
(XXXIV) on treatment with acetic anhydnde and concentrated sulfunc 
acid yields a phenolic steroid (XXXV) The side chain is removed by 
chromic acid oxidation to give 1-methjlestrone (XXX\I) Inhoffen 
et al (91-92) subsequently extended this studv to steroids in the andro 
gen senes (Androgemc substances can be prepared from cholesterol 
by oxidative processes) ITiev prepared the dibromo denvative of the 
* For proof of structure see Inhoffen (89) 
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17-acetate of on<irostcnol-17-one-3 This product on dehjdrobromina- 
tion yielded a A* ‘-dienone-3 (XXX\'II), which on treatment mth 
acetic anhjdnde and sulfunc acid gaie l-meth>Iestradiol (XXXMII;, 
it lacked estrogenic actiiitj The dienone (XXXYII) uas subjected 
to high temperature, methane uas lost and a small amount of a-cstradiol 
(XXXIX) nas thereby obtained This synthesis correlates the aromatic 
steroid hormones with those of the nonaromatic series Apparently 
a-estradiol and testosterone (XL) ha\e the same stenc configuration at 
the points of fusion of rings B and C and also of nngs C and D, the 
hydroxyl group at C-17 is irons to the methyl group at C-13 in both 
hormones But, as has been pointed out, ilds and Djerassi, 194) the 
possibility of mxersion in the conversion of XXXVII to XXXIX is not 
ruled out since the reactions were earned out at a high temperature 
"Wilds and Djerassi (194) confirmed the work of Inhoffen utilizing 
essentially the same principles they improved the yneld of a-cstradiol 
considerably, and also more clearly defined the nature of the intermediary 
dibromo denvatives It has been reported (127) that as much as 15 kg 
estrone had been prepared from dehydroisoandrostcrone (XLI) m 1944 
by the Schenng Corp in Germany The synthetic route resembles that 
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TTXrZ 
a Estradiol 


C Sehtrtnq (Grrmany) Synthetii 



ZLII 


of Inhoffen and is indicated beloiv (XL! — ♦ \J II — » "VIX), expenmental 
details ha\ e not been made available 

C Estric Acids* and Related Products 
Total and Partial Synthesis 

Estnol (XLIII) on fusion with potassium hydroxide yields a dicar- 
boxylic acid, XVIIIa, which Miescher has named marnanolic aad 
• Estrogenic carboxylic acids 
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This reaction i\as first studied by Marnan et al (121) and also by Mac- 
Corquodale ef of (106,107) The methyl ether of the same dicarboxylic 
acid can also be obtained by the permanganate oxidation of the methyl 
ether of estnol in acetone (MacCorquodale el al , 106) Miescher (123) 
improved the yield by treating the benzyl ether of estnol with hypoiodite, 
the benzyl group being remo\ed subsequently by hydrogenolysis 
Similar treatment (Heer and Miescher, 75) of the benzyl denvative of 
estrone (XIX) also yields mamanolic acid Heer el al (74) extended 
the study to equilenm (XIV) and obtained d(+)-bisdehydromarnanolic 
acid (XIa) Both types of mamanolic acids (XVIIIa and XIa) lack 
estrogenic activity Brief mention has been made by MacCorquodale 
(t al (105) of other interesting acids and lactones which were obtained 
by them on more extensive degradation of the estrogens, none of these 
compounds were found by them to have any sigmficant estrogenic 
activity, previous statements to the contrary notmthstandmg (see also 
Thajer et al , 182) 

MacCorquodale et al (106) fused estrone (XIX) ^ith potassium 
hjdroxide and obtained a monocarboxylic acid (XLVI) Heer and 
Miescher (75) similarly fused estradiol (XXXIX) i\nth potassium 
hydroxide and obtained a product identical with Doisy’e Miescher 
named it doisynolic acid Doisynohc acid (XLVI) is a highly active 
estrogen when administered by the subcutaneous or oral route {Vi 
Hohlweg and H H Inhoffen, in 1937 and 1939 described patents for the 
preparation of monocarboxylic acids from estrogens and found these acids 
to be active orally) Heer et al (74) fused native equilenm (d-n-cqui 
lemn according to Bachmann el al ) (and also dihydroequilemn) ivith 
potassium hydroxide aud obtained a dextrorotatory and a levorotatory 
bisdehj drodoisynolic acid (XLVII) The levorotatory acid (“normal" 
or a) possesses an astonishingly high degree of estrogemc potency but the 
dextrorotatory (“iso” or 0) acid is biolo^cally inactive Miescher 
el al (74 123) synthesized bisdehydrodoisynolic acid, a task greatl} 
facilitated by the work of Bachmann (see Section I, A, 1) VIII was 


Partial Stnuiesis of Estric Acros 
OH 

H,c I on 




KOH fusion XVnia 

► (+) Marnanolic acid 
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CU, 



XLv: 

Doisycolic Add 


treated mth magnesium ethyl bromide to gi\e XLVIII, which was 
dehydrated, reduced, and demethylated to gi% e bisdehj drodoisynolic acid 
(XLVII) as racemates of the n*(or a) and tso (or 0) forms Rometsch 
and hliescher (149) succeeded to resoh’ing the synthetic racemate of 
a-bisdeh> drodoisynolic acid The <t(— ) bisdehydrodoisynolic acid was 
found to be identical with the Icvorotatory fusion product obtained 
from native eqmlenin, the 6(+) bisdehydrodoisynolic acid possessed 
about tot the estrogenic activity of the «( — ) acid Anner and Mieschei 
(2) more recently descnbed a simplified synthc'^is of bisdehj drodoisyn 
olic acid The bromide of III was condensed with the sodio deniative 
of propnonj 1 propiomc ester (XLIX) to give L, w hich was then cj clized 
to give XLVIII, the conversion of XLVIII to bisdehydrodoisynolic acid 
has been previously descnbed Miescher and co-workers (1,11,75) ha\e 
prepared a number of mterestmg bomologs of bisdehydrodoisynohc acid, 

olic acid appears to be the most potent estrogenic substance thus far 
descnbed, accordmg to hliescher The estrogemc activity of this com 
pound and related products are listed in Table I 

Quite recently, Hunter and Ho^ (88) descnbed an elegant method 
for the total synthesis of doisynolic acid The starting product, m meth- 
oxyphenylacetic acid, was converted to the correspondmg alcohol by 
reducing the ester with sodium and alcohol The alcohol was in turn 
converted to the bromide (XV) with the aid of phosphorus tnbromide 
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The bromide was then condensed with ethyl-/3-ketopiraelate The 
condensation product underwent cyclodehydration with concentrated 
sulfuric acid Hydrolysis yielded a dibasic acid (XVI) nhich iias con- 
verted to LI by the method of Bachmann et al (6) Treatment of LI 
with an equivalent amount of ethyl magnesium iodide 3 aelded the 
ethylidme derivative, LII, catalytic reduction, followed by hydrolysis 
and demethylation gave a diastereoisomenc mixture of doisynolic acid 
(XLVI) which possessed a very high degree of estrogemc potency 


TABLE !• 

Comparative Biolooicai. Potenct ot the Estmc Acroa ajto Estrooenic 
Hormones 


Compound tested 

i 

Effective dose levels 
foe vaginal response 
(rata A D test) 

Subeiit 

(t*B) 

Oral 

(Kg) 

Native utrogeas 



Estrone (XIX) 

0 7 

20 to 30 

(XXXIX) 

0 S to 0 4 

20 to 30 

Equilenm (XIV) 

10 to 20 


StilhestcoP (LIV) 

, 0 StoQ 4 1 

0 7 to 1 0 

Dotsynolic acids (and homologs) 



Doisynolic acid (from a-estradiol) (XLVI) 

0 rto 1 0 

1 5 

Synthetic rac doisynolic acid (XLVI) 

' 0 8 to 0 9° 


Synthetic rsc a bisdehydrodoisynohc acid (XLVII) 

0 1 to 0 15 

0 1 to 0 2 

a(— ) Uisdetiydrodoisynolic acid (trom equilenm) 



(XLVII) 


0 05 to 0 1 

LV (racemates) 



Ri = CH, R, » OH 

0 1 to 0 2 

0 1 to 0 2 

H OH 

> 100 

> 100 

C,H, H 

S 

5 to 10 

Matrianolic acids 



Mamanolic acid (XVIIIa) 

> 100 


a Bisdehydromarnanolic acid (XIs) 

> 1000 



• Data (exceptwhen indicated otherwise) compiled by Miescherrt al (2 74 75 123) 

* For a recent comprehensive review on synthetic nonsteroid estrogens see Solms- 


sen (173) 

' Data by Hunter and Hogg (88) 

Anner and Miescher (2) confirmed the work of Hunter and Hogg m 
that they also succeeded m preparing the same ethylidme compound 
(LII) The former group of investigators observed that this compound 
readily undergoes rearrangement to bisdehydrodoisynohc acid, this fact 
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led Anner and Miescher to suspect that the highly estrogenic but unchar- 
actenzed product which Hunter and Hogg obtained on hydrolysis and 
demethylation of LII is probably bisdehydrodoisynohc acid (XLVII) 
Anner and Miescher succeeded in partially hydrogenating the ethyhdine 
compound (LII) to give monodehydrodoisynolic acid (LIII) As might 
be expected, due to the fact that the double bond is situated between two 
tertiary carbon atoms, monodehydrodoisynolic acid is relatively resistant 
to hydrogenation It was, nevertheless, converted to a racemic mixture 
of doisynolic acids, as a by-product, bisdehydrodoisynohc acid was 
obtained in small yield This observation is reminiscent of the reaction 


TABLE II 

Native EsTaocENS ItcLATire and Assolote Potency* 
Absolute Activity (vAgtnal reeponae i& spayed adult rodents) 


Compound 

mK per 

1 Bat unit 

Mouse unit 

Estrone (XIX) 

1 0 

1 0 

0 125 

o^tradiol (XXXIX) 

0 08 

0 125 

0 05 

9-estradtol (LVI) 

3 3 j 

12 6 

1 25 

Reference 

190 

182 

25 


Rdative activity 


Compound 

Spayed rat method 

Immature mouse-uterme 
weight method 

Estrone (XIX) 

100 

100 

a-tatradiol (XXXIX) 

1000 

300 

estradiol (LVI) 

10 (very irregular) 

7 5 

Estnol (XLIII) 

20 (very irregular) 

40 

Equilin (LVII) 

CO 25 

11 0 

Reference 

97 

97 


■ See also Table I 


whereby isoequihn A (LXXIII) is converted to 14-epiequilemn (Hirsch 
Tnsnn and Wmtersteiner, 81), analogous also is the disproportionation 
reaction whereby dihydroequilin is converted into 8-isoestradiol and 
dihydroequilemn (see Section I, D, 3) It is not well established m the 
opmion of Anner and Miescher whether the estrogemc potency of the 
doisynohc acids thus obtained might be due to contamination ivith 
bisdehydrodoisynohc acid since some of the latter is formed concomitantly 
Heer and Miescher (75) have attempted the arduous and bewildenng 
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task of correlating the spatial configuration in the estnc acids with one 
another and with that m the native or natural hormones The pertinent 
facts are presented forthwith In the course of total synthesis of equile 
mn, Bachmann et ol (3) obtamed two racemic mixtures of bisdehjdro 
mamanolic acid * The conversion of these compounds to equilemn (and 
iso°quiIenm) and resolution into its antipodes are indicated in Chart I 
It IS cunous that an inversion m optical rotation occurs in the process of 
converting the a bisdehydromamanolic acids into the iso forms of 
equilemn The (+) bisdehydromamanolic acid O or “normal’ ), which 
may be obtained from native equilemn, is probably identical with the 
product derived from total synthesis by Bachmann ei al (3 ) , this is based 
on a comparison of the melting points of the denvati\es of the first 
product with the corresponding denvatiies of the a(+) a(— ) and 0 
(racemate) of the hisdehydromamanobc acids prepared by total syn 
thesis Heer and Miescher (75) have correlated some of the compounds 
of the marnanolic acids series with the corresponding compounds of the 
doisynohc acid senes This was accorophshed by selective replacement 


Total Stmtsesis < 
I Btadehydrodotsynolte Acid 



B BisdehydrodoisynoUc Acid (simplified syothesis) 


Bromo derivative f«8 — COOCH, 

of + i 


I 


CE. 

COOCH, 




As the methyl ethers 


XLVII«-XLVin 
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C Dotsj/nolte an<I Monodehydrodnayndttc Aetda 


CHi CH, 



of the hydroxyl group with chlonne m the acetic acid group m XVIII, 
Rosenmund reduction to the aldehyde, and Wolff lushner reduction 
(XLVl) These authors also described the preparation of the estric acids 
of the lumi senes, using luiniestrone (see Section I, D, 6) as the starting 
compound It is curious that ao inversion in optical rotation occurs 
when lumiestrone is com erted into lumimarnanobc acid The chemical 
lntercon^ ersions of the abo\ c-mentioned compounds and of other related 
hormone products (see Section I, D) are diagrammatically indicated in 
Charts 1 and 2 It is rather difBcuU to explain why the o-bisdehydro- 
raarnanohe acids (biologically inactive) yield a biologically active 
a-bisdehydrodoisynolic acid, since the isoequilenins which the former 
compounds also yield are biologically inactive The picture is compU- 
cated by the findmg that potassium hydroxide fusion of native equilemn 
results in the formation of two bisdehydrodoisynohc aids (one belonging 
to the Of senes, the other to the p senes), whereas similar treatment of 
estrone yields only one product, the drastic conditions of alkalme fusion 
may have induced a Walden conversion m the former instance Heer and 
Miescher finally submit for consideration the following conclusions based 
on the findings summanzed m Charts 1 and 2 
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(a) If native estrone and equilenin possess a trans C:D ring juncture, 
then, in a(— )-bisdehydrodois 3 rnolic acid (“normal” or biologically 
active), tbe 1-ethyl group and the 3-carboxyl group are in cts relationship; 


CHART 1 

Estrogenic Hormones and Estric Acids Chemical Intercovyersions 



• Biologically active 


conversely, in d(+)-bisdehydrodoisynoUc acid ("iso” or biologically 
inactive), these groups are in tram relationship: 


CH, 

N COOH 


CH, 

• COOH 


cte 


(PhenaDthrene system of oumhenog) 


(b) If the stereochemical relationships are the reverse of those stated 
above, it follows that the C’D ring configuration Is not identical in 
estrone and equilemn * 

• But the C D rmgcoD&guratioQinestmneandiR equilemn appears to be identical 
since (o) Marker (109) converted dibydroequilenm to a-estradiol (an observation 
which has, however, not been confinned), (b) eqmlin is readily dehydrogenated to 
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Heer and Miescher allow for a possible inversion of the 1-ethjI 
group in the course of the conversion of the marrianohc acid senes to 
the doisynohc acid senes, but they consider this to be rather unlikely 


CHART 2 

Estrogenic Hormones and Estric Acids Chemical Interconversions 


jrotal synthesis! 

1 * 


KIO{ 

O V 1 fht 


(— ) Lumiestrane 
(or l3-isoestrone) 


-•(+) Msmanoiic scid 


(+) Lumidoisynolic scid 
-•(4-)-LuinimarnAnolic acid 


Iso{<«luileniD 

Iso^>equslenm (+> 14<Iso^ouilin A* • 
I Pi C 

Pd CflvenIan»tC-l4) 

I Nt Alfobel tic 

(+) >iative estrone* 


S-Isoestradiol* 
jn. Hr 

(+) Native A** 

• — equilm**^ Isoequilin* 


- (+) Native equiUnin* 


« Biologically active 


In any e\ent, these authors feel that final proof for the stereochemistry 
of the estne acids (and of the native hormones) will require further 
expenmentation 


CH, OH 
CH, ^ 


i L 

CH, 

LIV 

Diethyls tilbestrol 



equilemn (47) equilm was converted by Pearloian and Winteratemer (135 136) to 
estrone 
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D Chemical Reactivity op Estrogens 


1 Reachons ol C-17 Only 


Schwenk aad Hildebrandt (159) catalytically reduced estrone (XIX) 
and obtained tnoepimenc diols,full experimental details were not given 
Winterstemer ei al (197) more fully charactenzed the diols, the IT-a- 
hydroxy compound (XXXIX) is readily precipitated mth digitonin, a 
reaction which appears to be unique in the estrogen senes Butenandt 
and Goergens (25) independently reported the preparation of a and 
/3-estradiol (XXXIX and LVI) from estrone by catalytic reduction of the 
latter in the presence of a nickel catalyst Other methods for the reduc- 
tion of the carbonyl group in estrone have been desenbed, m eiery 
instance, honever, a-estradiol is the predominant reduction product 
Hydrogenation of a neutral alcoholic solution of estrone m the presence 
of platinum oxide will result in a 90% yield of a-estradiol (Marker and 
Eohrmann, 115g) Methods for the reduction of estrone with the aid of 
sodium and alcohol have been reviewed by Whitman et al (192) who 
reduced estrone in 10% potassium hydroxide with the aid of Raney 
mckel The reduction of estrone by the Meerwein Pondorff method, in 
which aluminum isopropoxide is employed, gives a mixture of a and 
/3 estradiol m which the content of the 0 epimer is appreciable (Marker 
and Rohrmann, llSa) 



LVI 

/S-Estradiol (see XXXIX) 



LVn 


Equilm 


The diols obtained from equilin (LVII) and equilenm have "been 
desenbed David (40) reduced equihn in alcohol with sodium, and 
obtained a diol a dihydroequilm The reduction of equilm by the 
Meetwem-Pondotff method gives predominantly a-dihydroequilm, the 
/3-isoiner failed to be isolated (unpubhshed observations, Pearlman and 
Winterstemer) Equilenm on reduction with sodium and alcohol, yields 
a-dihydroequilenin (David 40) The Meernem-Pondorff reduction of 
equilenm was first studied by Marker et al (113), who succeeded m 
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obtaining a- and ^-dihj droequilenm (LVIII and LIX) Equilemn may 
also be hydrogenated in neutral alcohol in the presence of platinum oxide 
to give a dihj droequilenm (Marker and Rohrmnnn, 115b), the latter is 
also obtained on catalytic hj drogenalion of XIV in an acid medium if the 
hj drogenation is not permitted to proceed further (Ruzicka et al , 151) 



LVUI LIX 

e-Dihjdroequilemn DihydroeqiuJenin 

(see \IV Equilenm) 

The IT-a-dioIs in the estrogen senes are considerably more active 
than the 17 carbonjl compounds from which they are denved On the 
other hand, 0 estradiol is apprcciablj less active than estrone Tables I 
and 11 list the native estrogens and their estrogenic potency A strict 
companson of the estrogenic activity given in the literature cannot be 
made because assay procedures vary from laboratory to laboratory 
The 17 hydroxyl group in the a diots of the estrogen senes is believed 
to be m iranB conhguration with respect to the angular methyl group on 
carbon 13 (\\mterstemer m 37) A correlation of this configuration in 
the estrogen senes has been established with that of the 17 a-hydroxy 
compounds in the androgen senes (see Section I B 2 ) The 17-0 diol 
in both the androgen and estrogen senes can be dehydrated, by way of 
the 17-benzaate to jneld tlie corresponding A"-denvative, the 17-a- 
hydrovyl compounds are resistant to dehydration, however When 
estnol is heated with potassium hydrogen sulfate m a high vacuum, a 
molecule of water is lost and estrone is formed (Butenandt and Hilde- 
brandt, 26, Marnan and Haslevrood 122) 

The 17-hydroxyIated estrogens may be oxidized to the corresponding 
l7-ketones with the aid of chronuc anhydnde (for example, see 25), the 
phenolic hyclroxyl group must, ol course he protected hy acylation or 
methylation Oppenauer oxidation of the diols is probably the most 
elegant method to achiev e this aim, inasmuch as protection of the phenolic 
hydroxyl group is not necessary and there results little or no destruction 
of estrogenic material (132) 

Estrone reacts with acetylene to form an addition compound desig- 
nated as 17 ethmylestradiol It is highly estrogenic (0 1 pg = 1 rat 
unit on subcutaneous injection, 3 rat unit on oral adminis 
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tration) Ethmylestiadiol may be partially hydrogenated in the 



presence of Rupe mclcel to give the 17-ethenyl denvatne The latter 
compound is less potent that 17-ethinylestradiol by the subcutaneous 
route and considerably less so by the oral route (Inhoffen el al , 90a) 


CH, 



2 Reduction of Aromatic Nucleus 

a Estrone or Estradiol Id 1930 Butenandt (22) observed that 
catalytic reduction of estrone m a neutral medium resulted in the reduc 
tion of the aromatic ring, a monohydroxyestrane derivative «as isolated 
nhich ivas considered to be an estraDoI*3, but Marker and Hohrmann 
(115c) suggest that this is probably an estranol-17 Marker and Rohr- 
mann (115c) also believe that the reaction nas an aberrant one probablj 
due to traces of alkali in the Adams catalyst employed Schoeller et al 
(157) catalytically hydrogenated estrone (or estradiol) and obtained a 
complex mixture of isomenc octahydroestrones (LXX) lacking m estro- 
gemc activity In 1936 Dirscherl (46) made a detailed study of the 
results obtained on catalytic hydrogenation of estrone in an acid medium 
He isolated ti\o isomenc estranediols (LXX), one of these is identical 
xi'Uji thft estxaneduil. B whinh. Maxkftt et at ^^11.6,1.171 obtamed from the 
unne of nonpiegnant women Reduction of estrone generates ne\\ asym- 
raetnc centers at C-3, C-5, C-10 and 017 Marker’s estranediol A and B 
(both isolated from unne) differ m the conffguration of the hydroxyl 
group at C-3 or C-17 since both compounds yield the same diketone on 
oxidation (116,117) Dirscherl (46) also isolated as byproducts from 
the hydrogenation of estrone, two monohydroxyestrane derivatives lack- 
ing an hydroxyl group at C-3 
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6 Equtlenin or Dikydroeqwlentn A”.»-estratnenediol-3,17(a) 
(LXXI) IS obtained from eqiiilenin on reduction with sodium and alcohol 
(Da%Td, 41, Marker el al , 118, Ruzicka <t al , 151), the diol may be 
obtained m approximately 80% yield (161) A dioj epimenc at C-3 
has been obtained as a b^ -product on hydrogenating eqmlemn in acidic 
alcohol in the presence of platinum oxide, a cts configuration for the C-3- 



LXX LXXI 

Estraoediol (LXXII lacking OH At Cj) 

(asvminetnc centers are numbered) 

OH group IS favored (151) The major product in the latter mstance is 
A*’*-€Stratnenol-17(a), this monohydroxy compound (LXXII) nas 
first prepared by Marker <t al (113,114) from equilenm m 70% yield by 
essentially the same procedure This substance can be similarly pre- 
pared from a-dihydroequilemn (Marker and Rohrmnnn 115) 

On treatment of dihydroequileniD in boiling n amyl alcohol with 
sodium, there are formed nonphenolic products in about 75% yield and 
phenolic products in about 20% yield (Marker, 109), a-estradiol can be 
obtained from the phenohc fraction if a-dihydroequilin is the starting 
product, and similarly /3-estradiol if P dihydroequilemn is substituted in 
the reaction The nonphenolic products have been described above 

3 Some Chemtcal Studies on Equtltn 

Equilm IS resistant to catalytic hydrogenation with palladium, 
instead, dehydrogenation readily occurs with the result that equilenm is 
obtamed (Dirscherl and Hanusch, 47) Senni and Logemann (165) 
confirmed this observation, they also observed that on treatment of dihy- 
droeqmlin ivith hydrogen in the presence of Raney mckel, a disproportion- 
ation reaction occurs which involves no uptake of hydrogen The 
products formed are dihydroequilenm and isoestradiol The latter is 
beheved tobe isomenc with a-estradiol with respect to the configuration at 
C-S.thestereoisomensnotprecipitablewithdigitomn Chromic acid oxi 
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dation of S isoestradiol gives 8 isoestrone The iso compounds have 
about one third the biological activity of the corresponding estrogens 
Hirschmann and \Vlntersteiner (81) treated equilm mth hjdrochlonc 
acid and acetic acid and obtained 14-epi-A* ’-equilin (designated 14 iso- 
equilin A, LXXIII), inversion at C-14 occurred m the process of shifting 
the double bond from the 7,8 position The latter substance nhen 
heated mth palladium yielded 14-epvequilenin (for the total sjnthesis of 
this compound, see Section I, A, 1) 

Another isomer of equilin has been prepared by Pearlman and Winter 
sterner (136) , the double bond is located between positions 6 and 7 The 
A* isomer (LXXIV) is obtained from 7-hydro\yestroiie (LXXV) by 
eliminating hjdrochlonc acid from the intermediary 7-chloro denvatne 
A‘ Iso-equiUn possesses about one third the phjsiological potency of 
estrone in contrast to equilm, the double bond isomer is readily con 
\ erted to estrone on catalytic hj drogenation 

The hj droxylation of the double bond m equilm is described below 
(Section I, D, 4 a) 



LXXV 

7 Hydroxyestroae 


LXXVI 

6-Keto-a^tradiol 


4 Ozygcnaied Dertoalaes of Estrogens 
a Oxygen in Ring B Estradiol, on oxidation with chromic acid, 
yields G-keto-crtstradiol (LXXVI) (Longwelland Winterstemer, 104) , the 
hydroxy groups are protected by preparing the diacetjl derivative 
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The (>-keto denvative has about one fourth the estrogenic activity of 
a-estradiol fr-Ketoestrone may be similarly prepared from estrone 
(Sch^senk, 158) 

Equilm on treatment uith osmium tetroxide, jields a 7 8 glycol 
(LXX'S II) ^ hich IS inactne as an estrogen even at a 500 fig le^el (Senm 
and Logeraann lOS) UTien the gljcol is distilled in a high vacuum 
dehydration occurs and 7 ketocstronc is obtained (Pearlman and Wnter- 
stemer, 135) Catalytic reduction of the 7 keto compound yields 
7 hjdroxj estrone Both 7 keto and 7 hjdroxj estrone possess about 
the same estrogenic potencj which is about that of estrone 

b Oxygen in Ring C Chromic acid oxidation of equilemn acetate 
will jield the corresponding 11 koto dematue (LXXIX) (Marker and 
Rohrmann 115b) 



c Oxygen tn Rtng D Parlial Synthesis of Eslnol and Its Stereoisomers 
Quite recently the conversion of estrone to estnol and some of its stereo- 
isomers has been realized Huffman rt of (83 84) prepared the benzoj 1 
denvatue of 16-oximinoestrone the melhjl ether demative was previ 
ously described by LiUan and Robinson (102) The former group of 
workers effected a reductne bjdrolysis of the oximino group wath zme 
and acetic acid, the corresponding ketol was thereby obtained and on 
catalytic reduction it jaelded jsoestnol A Sub'sequently, Huffman and 
Miller (80) announced the preparation of a tnol identical with naturaU\ 
occurring estnol, but no experimental details wore furnished Huffman 
(83) also prepared the methyl ether of IG-ketoestrone bj a gentle oxida 
tion of the methyl ether of the kctols den\ed from estrone 

Attempts hai e been made to establish the spatial relationship of the 
16 17 OH groups m estnol with each other and with those m the andro 
stenetnol (LXXX) first isolated by Hirschman (79) from unnary sources 
Using the same procedure for convertmg estrone into estnol Huffman 
and Miller (86) were successful in prepanng Hirschmanns tnol from 
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deViydioisoandiosterone (XLI) The spatial arrangement of the hydroxyl 
groups in androstenetnol and in estnol may therefore be assumed to be 
identical Huffman and Lxitt (85) cite indirect evidence which points 
to a irans geometnc relationship between the vicmal hydroxyl groups 
in both tnols This conclusion is m agreement with that reached by 
Ruzicka el al (142,152), who suggested that the vicmal groups m estnol 
are 16(0) and (17a) on the basis of their experiments in prepanng stereo- 
isomers of estnol These authors (142) dehydrated 0-estradiol by way of 
its benzoyl denvative, a double bond was thus introduced between 
positions 16 and 17 This substance (A**-estrone) on treatment uith 
osmium tetroxide yielded a glycol which, considering its manner of 
denvation, is probably 16(a), 17(a) This tnol is not identical ivith 

estnol nor with isoestnol A Estnol, isoestnol-16(a), 17(a) and A'* 
estrone are active as estrogens at IO-/ig , 5-10-pg , and 40-50-pg dose 
levels, respectively Runeka et al (152) similarly prepared an andro 
stanetnol startmg with A** androstanol-3(0) This tnol is stereoisomenc 
with the hydrogenation product obtained from Hirschmann's tnol 

5 Ring SjUtUvng 

a RtngB Longnell and Winlersteioer (104) obtained a ketolactone 
(LXXI) as a by product m the oxidation of a-estradiol diacetate with 
chromic acid The estrogemc activity was not reported 

b Ring D A number of mono- and dicarboxyhc acids may be 
obtained by fusing the native estrogens with potassium hydroxide or by 



CH, O O 


« 


/ 

LXXXIII 

(seeLXXXII) 


LXXXI 


Lxmi 

Westerfeld a lactone 
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treatment wth hypoiodite, permanganate, etc (see Section I, C) 
Westerfeld (188) obtained a lactone (LXXXII) on treating estrone ^\ith 
hydrogen peroxide in aqueous alkaline solution It possesses about 
the estrogemc activity (te m its effect on vaginal comification) of 
estrone but is more potent than estrone in its stimulating action on the 
pituitary (Smith, 170, ITl) In X>oisy s laboratory (106) a closelj 
related lactone nas obtained on permanganate oxidation of the methyl 
ether of estnol, a tenlatixe structural formula (LXXXIII) is given 
6 Irradtalioti* 


On irradiation of estrone mth ultraviolet light inversion occurs 
at C-13 , the product thus obtained has been named lumiestrone (Biite- 
nandt et al , 31) It is inactive as an estrogen e\en at a 100 mS le%el * 
It IS interesting that the carbonyl group in lumiestrone shons marked 
stenc hmdrance, as, for example, in its behavior tonard ketone reagents 
Dehydrogenation of lumiestrone with palladium black results in the for- 
mation of isol-equilenm, identical with the product synthesized bj 
Bachmanri et al (3) IVhen estrone is similarly dehydrogenated iso-d 
equilenin is obtained, it is identical xnth the 14*epiequilenin of Hirsch 
mann and T^nterstemer (81) Apparently inxersion at C-14 occurs on 
dehydrogenation of estrone Butenandte^ol (24) subsequently obtained 
additional support for the stenc configuration of lumiestrone Estrone 
was irradiated with monochromatic light of SlS-m^ wavelength The 
energy relationship was carefully studied and it was concluded that the 
photochemical conversion of estrone to lumiestrone is a unit quantum 
process, the 17 keto group is essential for the transformation since it 
alone absorbs light at 313 mM (see luraiandrosterone, 29) 

Partial Stntstesis or Estriol an® Stereoisomers* 


A Hu^tnan Siftitheni 


Estrone — • 
(XIX) 




IB-Ketoestrone 


Isoestnol A 

(Stereoisomene with estnol 
XLIII estnol and other 
stereoisomers also obtained) 

• See Chart 2 page 371 

‘ Figge (57) has obtained evidence which indicates that irradiated estrone may 
have a atimulaling action on the pituitary crystalline lumiestrone however was 
not tested 
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B Rujicfca Synihtiis 


H,G H»G 


Isoestriol 16(a) 17(a) 


0 estradiol - 
(LVI) 


Ltkel} s^tial relationship 
in native esUiol 
(16(« 17(a)) 

• D ring alone represented R tndieales rest ot structure as in estrone 


OH 

HiC , OH 


II Metabolism of Esliogezts 
A Where Are EaTROoENs Formed? 

Modification m sexual function or in the secondary sex characteristics 
of the organism may be correlated uith the extiipation of certain endo 
erme organs or Rith changes in the morphology of these tissues Simi 
larly, the rate of excretion of estrogens under normal and pathological 
conditions may give evidence of an indirect nature as to the ultimate 
source o! estrogen elaboration For example, estrogen excretion nses 
markedly during the course of pregnancy and drops precipitously nith 
the termination of pregnancy but the removal of the ovanes of pregnant 
women and of mares does not result in disappearance of estrogens from 
the unne The placenta is therefore implicated as a source of estrogen 
Studies of this sort have been icviened previously (49,139) and will not 
TABLE III 


ISOl^AVlON OF CRTSTAliUNB EsTKOGENS FROM LlXEET BlTES OF StHTHESIS 


Estrogen 

Organ ^ 

Investigator 

a Estradiol : 

Ovaries (sou) 

MacCorqucdale et q( (108) 

Estrone* I 

Ovanes (sow) 

Westerfeld et al (191) 

Estrone 

Placenta (human) 

Wcsterfeld el at (190) 

O'Estradiol 1 

Placenta Qiumaa) 

Huffman «( al (87) 

Estnol 1 

Placenta (hanum) 

Browne (19) 

Estrone ' 

Adrenals (beef) 

Beall (S) 

Estrone I 

Testes (stallion) 

Beall (9) 

o-Estradiol j 

Testes (stalbon) 

BeaU (9) 


• Demonstrated but not isolated 
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be discussed further Such indirect evidence complements the more 
direct e%adence furnished by the actual isolation of crj'stalline estrogemc 
compounds from e\tract3 of these organs Table III lists the estrogen 
and the endocnne organ from which it was isolated The ovanes and 
placenta are generallj regarded as the chief sources of estrogen in the 
organism The testes and adrenals appear to produce much smaller 
quantities although, in the staUion, testis tissue appears to be a pro- 
digious producer of estrogen Thus, Levin (101) finds that certain 
specimens of stallion urine are the richest sources of a-estradiol to date 
and Beall (9) reports that the estrogemc content of horse testis is higher 
than that of anj other endocnne organ 

B Isolation of Estrogens from Sources Other Than Those of 
Elaboration 

Pregnancj unne is a \ery nch source of estrogemc matenal The 
estrogens are present, for the roost part, m the form of conjugates such 
as estrone «ullate* or estnol glucuromde, bnef acid bydrol> sis suffices to 
liberate the estrogen (Maman m 37) The unne of nonpregnant women 
is a poor source as is also the unne of males uith the notable exception of 
stallion unne (Zondek, 200, Lcnn, 101) The estrogen and its unnary 
source is mdicatod in Table IV Not all species elaborate estrogens of 
identical structure although estrone and estradiol are common to those 
species which haA e been studied Estnol appears to be charactenstie of 
the human species, estrogens m nhtch nng B is aromatic or partially 
saturated are found onl> in the mare 

C Intermediary Metabolism op Estrogens 
A companson of the chemical structure of the %anous estrogens T\h)ch 
ba\e been obtained in exhaustne isolation studies (Tables III and IV) 
suggest metabolic interrelationships, some of which ha\e been sub- 
stantiated bj expenment It has been fairly well established that the 
following reactions occur in the mammalian organism 
o^trftdiol ^ estrooe — » estnol 

This scheme is based on the isolation or detection of metabolites of the 
estrogen under study following its admmistration in massive doses to an 
experimental subject The results of such experiments are summanaed 
m Table V There are diflerences among the species with respect to the 
course of estrogen metabolism For example, the formation of ^-estra 
' The preparation of estrone sulfate from estrone has been described by Butenaodt 
and Hofsteter (27) 
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TABLE IV 


ISOLATIOV OF EsTROG&NS tHOH URltJARY SoUBCES* 


Estrogen 

1 Source 

I Investigator 


Ketonie estrogens 

Estrone 

Pregnancy unne (haman) 

Doisy et al (50) 

Butenandt (21) 


Pregnancy urine (mate) 

DeJongh e( of (42) 


Male urme O^uman) 

Dmgemanse el al (44) 


Male urine (stallion) 

Haussler (69) 

Deulofeu and Ferrari (43) 


Male urme (bull) 

Marker (110) 


Castrate male urme (steer) 

Marker (110) 

Estrone sulfate 

Pregnancy unne (mare) 

Schachter and Marrian (154) 
Butenandt and Hofsteter (27) 

Equilin 1 

Pregnancy unne (mare) 

Girard el al (62) 

Hippulin 

Pregnancy unne (mare) 

Girard ef al (62) 

Eqmlenia ^ 

Pregnancy unne (mate) 1 

Guard ef n! (61) 


NonketoDie estrogens 

o-EBtradiol 

Pregnancy urme (human) 

Smith et al (169) 


Pregnancy unne (mare) 

^ intersteiner <( al (199) 

<cEatradiol 

Male urine (stallion) 

Levin (101) 

Estradiol 

Pregnancy urme (mare) 

Hirschmann and ^ intersteiner 
(80) 

Estriol 

' Pregnancy unne (human) 

Maman (119) 

Doisy et al (48) 

Estriol glucuronide 

0 Dibydroequilenm 
( #-foUicuIar 

Pregnancy unne (human) 

Cohen and Marnan (36) 

hormone ') 

Pregnancy urine (mare) 

Wmterstemer el al (198) 


• Exclusive of metabolism experunents 


diol rather than a estradiol is favored in the rabbit when estrone (Stroud, 
175, Pearlman and Pearlman, 132) or or-cstradiol (Heard et ol , 71, Fish 
and Dorfman, 59) is injected, whereas httle or no 0-estradioI can be detect 
ed in the unne of men following estrone administration (PearlraanandPin- 
cus, 134) In human pregnanqr unne little or no j5-estradiol can be 
detectad (Pearliaaw and Pearlniaw, 132), wltliswigh «-estraidiQl (Smith eial , 
169) has been isolated from this source Estnol has been isolated only 
from human source matenal but this substance (or one that closely re- 
sembles it in its physical properties and/or its biological action) may be 
formed m the guinea pig (Fish and Dorfman, 58), rabbit (Pmeus andZahJ, 
140 Pearlman and Pearlman, 132), monkey (Doisy el al , 49), dog (Long- 
well and McKee, 103 Pearlman et dl , 131), and rat (Schiller and Pincws, 
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TABLE V 

Estrogen Met\boush Experiuevts 


Estrogen metabolites* 





Subject 

Investigator 



Isolated | 

Indicated^ 



Administered o-estradiol 

Estrone, 

^-estradiol 


Rabbits female (with 

Heard et at (71) 



and without sunul 




taneous progesterone 
admmistration) 




Rabbits ovanect 

Fish and Dorfman 



and h> sterect 

(59) 

Estrone 

Strong phenolic es 

Guinea pigs both 

Fish and Dorfman 


trogen (estnol?) 

sexes ovanect 

(58) 

Estrone 


A man 

Heard and Hoffman 




(73) 


Ketonic estrogen {es 

Monkeys female 

IVesterfeld and Doisy 


trone?) 

ovanect ovanect 
bysterect 

(189) 


Estrone 

Rabbits female (ova 
nes essential to con 
version) 

Pincus and Zahl (140) 


Estnol 

Rabbits female 
(functional uterus 
essential to conver 
sion) 



Eetonic estrogen (es 

Dogs both sexes 

Dingemocae and 


trone?) 


Tjzlowits (45) 

None 


Pregnant monkeys 

Marker and Hartman 




(111) 


In bile estrone es 

Dogs 

Pearlmanetcf (131) 


tnol 

Liver perfusate es 

Rat liver 

Schiller and Pincus 


trone estnol 

Estrone 

Estr ol 

Humans 

(155) 

Administered estrone 

p Estradiol 


Rabbits 

Stroud (175) 

Estr ol 

c-Lslradiol 

Men 

Pearlman and Pmeus 




(133) 


* Excreted m urine except wbere otherwise noted 

* Indicated indirectly by companson of the chemical and phys cal properties of 
the substances responslile for the estrogenic sctiPity of postinjection urine extracts 
with those of pure crystalline hormones 
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TABLE V (Continued) 


Estrogen metabolites* 



Isolated 

Indicated* 




Nonkelonic esUogena ' 

Monkeys lemaleova 
nect , ovariect and 
hysterect 

Weslerfeld and Doisy 
(189) 


Estnol 

Rabbit female (func* 
tional uterus essen- 
tial to conversion) 

Pincus and Zabl (HO) 


Estradiol . 

Women (simultaneous 

Smith and Smith 


Estnol 

progesterone admin- 
istration) 

(168) 


Nonketonio estrogens 

Dogs both sexes 

Pjngemanse and 
Tystowits (45) 


Nonketonic estrogens 

In bile “weak ' and 
‘ strong ’ phenolic 
estrogens 

1 

1 

Longwell and McKee 
(103) 

1 

Estradiol 

Estnol 

Men and women 

Pincus and Fearlmaa 
(U8) 


a- Estradiol 

Rat and rabbit liver, 

1 uterus etc , slices 

Heller (76) 


0 Estradiol 

Estnol 

Rabbits female 

Pearlman and Pearl* 
man (132) 


Estradiol 

Rats partially hepa- 

Schiller and Pincus 


Estnol 

tectomued 

(156) 


o Estradiol 

Rabbit (pregnant) 
endometnum 

Bzego and Samuels 
(180) 


Administered estnol 



Estnol no estrone, 
nor estradiol 

.EsAi'nl. vft es^wwjt 
nor estradiol 1 

Monkey female, nor j 
mat intact, ovariect 
and bystereet 

Rabbits female 

Doiay et of (49) 

Pincus and Zahl (140) 
SrJuUis-. and- Emeus 
(155) 

Administered ff estradiol 


' Estrone <r>estradu>17, | 

Monkey female, ova- j 

Doisy el al (49) 


estnol 

nect and hy8terci.t j 
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155,156) , identification of this estrogen metabolite by isolation of a crys- 
talline product would be desirable Marnan (120) suggests thatestnol 
may have some specific but unknown function dunng pregnancy 

Studies of the metabolism of eqmlin or equilenin have not been 
reported and there is onlj conjecture as to the relative position of these 
substances in the scheme of estrogen metabolism Fieser (56) suggests 
that compounds of the equilemn group may represent successive stages 
in the dehydrogenation of estrone In the laboratory, estrone can be 
dehydrogenated to give a stereoisomer of equilenin (see Section I, D, 6) 
Equihn readily undergoes dehydrogenation to yield equilemn (see Sec- 
tion I, D, 3), a process which may also occur tn vtio 

D Is Estrogen Metabolism Confined to Organs op Sex Hormone 
Production and Stimui-ation? 

As far as is known, very bttle or no estrogenic matenal is produced 
m organs other than the ovanes, testes, placenta, and adrenals, possibly 
the pituitary gland produces some estrogen but this has not been estab 
lished It IS quite logical to assume that the end organs of estrogen 
stimulation, such as the uterus, transform the estrogens into other prod 
ucts in a process intimately linked with the biological utilization of these 
hormones Indeed, tn vitro experiments mdicate that utenne tissue will 
modify the structure of the estrogen molecule Thus, Heller (76) incu- 
bated estrone nnth rat and rabbit utenne tissue and observed an increase 
in estrogemc potency Szego and Samuels (180) demonstrated an almost 
complete conversion of estrone into a-estradiol following incubation of 
estrone with the endometnum of the pregnant rabbit, however, this 
change could not be effected by the endometnum obtained from non- 
pregnant bovine or from a pregnant woman Such expenments do not 
necessanly mean that the intermediary metabolism of estrone is confined 
to the uterus As a matter of fact, the bulk of the evidence indicates 
that the uterus (and ovanes) (see Table V) are not essential to those 
chemical transformations which the estrogens are known to undergo, 
but then it must be borne in mind that our knowledge of estrogen metab- 
olism 13 meager Marker (109) made the interesting suggestion that the 
regulation of the menstruaf eyefe is controffed by estrogenic substances 
by a process mvolvmg the reduction of these substances to the biologicall> 
inactive estranediols (LXX), which be had isolated from nonpregnancy 
unne but not from pregnancy unne It has not been proved that the 
biological effect is dependent on this chemical change nor has it even been 
established that the estrogens are reduced in the orgamsm to estranediol 
It seems that our knowledge of the biochemical mechamsms whereby 
estrogens exert their biological effects is practically ml 
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There is considerable evidence that the h\ er plays a major role in the 
transformation of the estrogens into products lacking biological activity 
(see Section II, F) The liver and certain other organs can also convert 
the estrogens into other products possessing more or less estrogemc 
potency Heller (76) incubated estrone with liver slices poisoned with 
cyamde and noted the formation of a product of increased estrogemc 
potency, presumably a-estradiol The addition of cyamde inhibits the 
inactivating system of the liver, the in intro conversion of estrone into a 
substance possessing greater biological activity cannot be demonstrated 
otherwise In the perfusion expenments of Schiller and Pincus (155), rat 
liver appears to convert a-estradiol into estrone and estnol or into estro- 
genic substances which are very similar in physical and chemical prop- 
erties If the estrogemc substances found in bile are assumed to be 
formed by metabolic processes occurring m the hver, estrogen metabolism 
studies on bile fistula dogs may be of special interest in this regard 
Longwell and McKee (103) found that, if dogs were injected with estrone, 
a nonketonic estrogen appeared in bile This estrogen is extractable 
from benzene with sodium carbonate solution Pearlman et al (131) 
detected a similar estrogen (estnol^) in the bile following the intravenous 
injection of a-estradiol, a ketonic estr(^en, presumably estrone, was the 
major estrogemc metabolite detected According to Szego and Roberts 
(147,178), the liver is essential for estrogemc activity as measured by the 
uterine water response in the adult, partially hepatecrtormzed or eviscer- 
ated rat Two mechanisms are envisaged which may explain this phe- 
nomenon (I) the liver inactivates estrogens and is also essential for the 
chemical "activation” of estrogens and (;?) the liver may furnish some 
metabohte essential for the utenne response 

E Isolation of Nonphevolic Steroids Structurallt Related to 
Estrogens Are These Metabolically Related? 

The isolation of certain nonphenohe steroids from unnary sources 
(see Table VI) has provoked speculation as to whether these substances 
may not be denved in vtvo from the estrogens since there is a close 
structural relationship In the laboratory, the conversion of equilenm 
into A® ’’ *-estratnenoI 3-oiie-17 has been realized (see Section I, D, 2), 
the latter substance v, as isolated by Heard and Hoffman (72) from mare 
pregnancy urine Whether the organism can effect a similar conversion 
IS not known The estranediols isolated by Marker et al (114,117) from 
human nonpregnaney urme may have arisen from estrone tn mo smee 
catalytic hydrogenation of estrone yields substances of this type Doisy 
et al (49) have pointed out that dehydrogenation of some saturated nng 
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tabu: VI 

Isolation op KoNpnEwotio Steroids’ 


Steroid 

Urinary source | 

Invest gator 

Estranediol A and B (L W) 

^ * Estratr enol 3-one-17 

Human pregnancy : 

Marker el al (IIC 117) 

(seeLXXII) 

Pregnant mare I 

Heard and Hottman (72) 

3-Desoxyequilenm (L'VXIXa) 

(after CrOi oxidation) 

Pregnant mare 

1 Pregnant mare 

Prelog and Fuhrer (141) 

(LXXIXb) 


Marker and Rohrmann (114 115b) 


■ Of close structural relatiouahip to estrogens 


structures is effected bj mammals but that the reduction of aromatic 
rings IS of less frequent occurrence It naa suggested that these reduc 
tion products of estrogens ma> be anabolites rather than catabohtes 
of the estrogens In this connection the expenments of Bernhard and 
Caflisch Weill (10) are pertinent They found that hexahydrobenzoic 
acid labeled ivith deuterium is dehydrogenated in the dog to benzoic acid, 
the aromatization of the cyclohexane nng readily occurs in invo It may 
be that aromatization of the steroids occurs in the organism 

The recent isolation bj Prolog and Fiihrer (HI) of 3 desoxy^'lhdfeoia 
(LXXIXa) from pregnant mares unne is exceedingly interesting 
Marker and Robrmann <ll6b) had previously suspected the presence 
of this substance in pregnant mares unne since 1 1 keto-3-desoxyequilenm 
(LXXIXb) Mas isolated from the neutral fraction after chromic acid 
oxidation, similar oxidation of eqmlcmn acetate will re'«ult in tl e intro- 
duction of a keto group at Cii (see Section I D 4 b) There is no basts 
of chemical analogy to support the hypothesis that desoxyequilemn 
arises directly from equilenm in the organism It is true that catalytic 
reduction of the estrogens m an acid medium will result m the elimmation 
of the hydroxyl group at position 3 but saturation of nng A occurs con 
coimtantly On the other hand it is conceivable that 3-desoxyeqmIenm 
arises in vtvo from A* ^ •-estratnenol-3 one 17 (L'S.XII) by a process 
involvmg dehydration in nPg A followed by aromatization since on 
chemical grounds at least this process is easily visualized (By virtue of 
the same reasoning 3 desoxyequilemn may possibly have ansen as an 
artifact in the course of isolation, the formation of artifacts has been a 
sore point with the student of steroid metabolismin the past — for examples 
see “Artifacts in the study of the mtermediary metabohsm of andro- 
gens in 139 ) It IS not unlikely that 3 desoxyequilemn is converted 
to equilemn m view of the demonstrated hydroxylation tn vtvo of certain 
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naturally occumng aromatic substances, eg , the conversion of phenj 1- 
alanine (labeled wth deuterium) to tyrosine (Moss and Scho^nheimer, 
124) , the conversion of stilbene to 4,4'-dihydro\-ystilbene m the rabbit 
13 another example (Stroud, 176) 

Htpothetical CoxvEBSioH in nvo op the Estboobvs* to Cahcinooens* 



iDverted) 
equHeoiD (XIV) 
Estrone WIX) 


■LXXIXft XIV XIX have actually been isolated from pregnssey unne 

* Adapted from Fieser (55) 

The fact that a highly aromatic steroid such as 3 desoxyeqmlemn has 
been isolated from natural sources is highly significant in connection with 
that theory of carcinogenesis which postulates the formation of polj- 
nuclear substances akin to synthetic substances of demonstrated carcino- 
gemc activity c g 20-methylcholanthrene, by a "fault} " metabohsm of 
the steroids (see Fieser, 56), 20-methyIcholanthrene can be prepared 
synthetically from the innocuous bile acids and also from cholesterol 
More recently Fieser (m 55) suggested that equilemn (or estrone) might 
undergo condensation ivuth pyruvic acid in vivo, resulting eventually in 
the formation of 3 hydroxycholaothrene (The latter substance has not 
been prepared synthetically ) In view of the fact that 3 hydroxy-2(>' 
methylcholanthrene, which has been prepared synthetically, is lacking m 
potency as a carcinogen (probably due to the presence of the 3 hydroxjl 
group) Fieser does not feel too sanguine with regard to the hypothetical 
formation of cholanthiene or its derivatives, it was difficult to visuahre 
how the phenolic hydroxyl group could be eliminated tn rue However, 
the recent isolation of 3 desoi^equilemn clearly remoies, at an} rate, 
this objection althougb to be sure it is not knomi nhether 3 dr*oxy 
equilemn actually anses from equilemn or from some other substance 
3 Desoxyequilenin may therefore conceivably give nse to cholanthrene, a 
substance which has been synthesized and which is known to be very 



X THE CHEMISTRY AND METABOLISSI OF THE ESTROGENS 389 

potent as a caicmogeD The fact that only 3 6 ;<g ofS-desoxjequileninis 
present per liter of pregnant mares' unne (calculated from the isolation 
data) IS in itself interesting, for it indicates that significant steroid 
metabolites, e g , carcinogens or procarcinogens, may be present in 
biologic matenal in amounts that would ordinarily escape detection 

F Role of Liver in Estrooen Inactivation 
1 In Vttro Studies 

a Incubation Experiments Zondek (201) first demonstrated a loss 
of estrogenic potencj on incubation of estrogens with liver pulp, acid 
hydrolysis did not restore the estrogenic activity Since the inactivating 
property of the liver is destroyed by heating and since cell-free extracts 
retain their inactivating capacity, Zondek concluded that the estrogen 
mactivation is probably an ensyraic process, the enzyme responsible was 
designated an "estnnase ' The observations of Zondek have been con- 
firmed by Engel and Rosenberg (54), the latter authors succeeded in 
obtaining aqueous extracts from beef liver which are capable of rapidly 
inactivating the native and synthetic estrogens Zondek and Sklow 
(203) demonstrated that the reticuloendothelial cells of the liver play no 
part in the process of inactivation, the liver cell is believed to contain 
'*^estrmase ” 

In the experiments by Heller et al (76-78), a-estradiol was incubated 
with liver slices from the lat and rabbit, complete inactivation of the 
estrogen was observed and the estrogenic activity was not restored by 
acid hydrolysis Partial inactivation ivas effected by kidney slices, 
incubation ivith heart, lung, spleen, utenne, or placenta tissue did not 
decrease the estrogenic potency Estrone was completely inactivated by 
rabbit liver slices and partially by rabbit kidney and rat liver Estnol 
was only partially inactivated by rat liver and kidney and also by rabbit 
hver It appears then that there are differences in the rate of macti- 
vation of the various estrogens and that there are also differences among 
species in the rate of inactivation of the same estrogen In vitro expen- 
ments by other workers fiuther substantiate the latter conclusion 
Twombly and Taylor (183) showed that human liver tissue inactivates 
a estradiol less rapidly than docs liver tissue from mice and rats In 
the expenments of Samuels and McCauley (153) the rate of estrogen 
inactivation was lowest when human liver mince was employed, inacti- 
vation was most rapid following incubation with hver mince obtained 
from the rat and mouse, other species studied were the rabbit and dog 
b Perjusion Expenments Israel d ol (94) perfused the heart-lung 
system of the dog ivith estrone, no inactivation was observed On the 
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other hand, when a heart-hver lung preparation was substituted, rapid 
inactivation ensued, histologic examination of the hver at the termina- 
tion of the experiment appeared to mdicate that the functional state of 
the li^er had been maintained Schiller and Pincus (155) perfused rat 
liver with a-estradiol They observed some inactivation uhich thej 
suggested might be accounted for by conversion of n-estradiol to the less 
potent estrogens, estrone and estnol If small amounts of a estradiol 
nere perfused, complete inactivation resulted in the course of five hours, 
acid hjdrolysis of the perfusate did not restore the actmty On the 
other hand, perfusion of rat heart mth a estradiol resulted m no lo';s of 
activity 

2 In Vtio Studies 

a Estrogen Expenmentallif Diverted into Hepatic Portal Circulation 
Golden and Sevnnghaus (65) transplanted the ovaries of the rat to the 
mesentery and to the axillae, estrus did not occur m ammals nith the 
ovanes m the portal circulation but estrus did occur m those animals nith 
transplants m the axillae Biskind and Mark (13,14) implanted pellets 
of estrogen in the spleen of castrated rats They observed no estrogenic 
effect as long as the spleen remamed connected with the hepatic portal 
circulation When the spleen was transplanted so that its \enous blood 
flowed directly into the sjstemic circulation, the estrogemc effect of 
the implanted hormone became apparent Biskind and Me>er (15) 
implanted estrone pellets m the spleen of male rabbits, degeneration of 
the testicles did not result as is the case when estrone is implanted sub- 
cutaneouslj These observations tvere confirmed by Segaloff et al 
(160 162), who earned out experiments of a similar nature 

b Liver Damage In animals with hver damage induced by hepato- 
toxic agents or by dietary factors, there is an increa'^ed sensitnity of the 
end organs to endogenous and exogenous estrogen Thus, Talbot (181) 
noticed a defimte increase m utenne weight m nonoiancctomized rats 
which had recened carbon tetrachloride Pincus and Martin (137) 
observed a marked mcrease in \aginal response on estrogen admimstra- 
tion to ovanectomized rats which had recened carbon tetrachloride by 
gavage The role of the nutntionaJ state of the organism m estrogen 
metabohsm is discussed below (Section II, G) It is of interest that 
Glass et al (63) noticed that male patients with cirrhosis of the hver 
displajed gynecomastia and testicular atrophy, the estrogen m the unne 
was largely excreted in uncoD)ugated form 

c Partial Hepatectomy Schiller and Pmeus (I5G) studied the metab 
ohsm of estrone m normal and partially hepatectomized rats, there was 
an increased excretion of estrogen m the unne m the latter group of 
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animals Segaloff (161) obsened that partial hepatectomy m spayed 
female rats reduces the amount of o-estradiol reqxured to produce % aginal 
estrus v.hen the estrogen is injected subcutaneously or intrasplenically 
Engel and Nairatil (53) obsened that, in the hepatectomized frog, 
estrone is inactn ated after 48 hours, they concluded that the liver is not 
the only organ in which inactivation occurs This conclusion does not, 
of course, necessarily apply to mammals It is interesting that Selje 
(164) found the anesthetic effect of the steroids to be increased by partial 
extirpation of the lixer To be sure, this is a totally different type of 
biological re<5ponse and is properly classihed by Selye as pharmacological 
G Effect of NuTBinoNAt. State ov Estrogen METABotisii* 
BisUnd and Shelesnjak (17) claim to baxe demonstrated a relation- 
ship betneen vitamin B complex deficiencj and the capacity of the U\er 
to inactix ate estrogens Following castration of adult female rats and 
transplantation of one oiarj to the spleen, the animals dei eloped an 
anestrous condition MTien the rats were placed on a vitamm-B-com- 
plex free diet most of these animals went into a state of estrus, there 
were no \nsible organic lesions m the h\cr In a subsequent study by 
Biskind and Biskmd (16), pellets of estrone iiere implanted in the spleen 
of adult castrated female rats On a normal diet the rats xvere anestrous 
but on a xntanun B-coraplex-deficient diet, a protracted state of estrus 
developed Addition of brewers’ jeast to the xutaimn-deficient diet 
effected a return to the anestrous state The observations of BisUnd 
and co-workers were confirmed by Segaloff and Segaloff (163) Thej 
noted an increased vaginal response to estrogen m spayed rats on a 
B-complex-deficient diet (as compared to 6pa>ed rats on a normal con- 
trolled diet) , the estrogen was injected intrasplemcally or subcutaneously 
Addition of choline chlonde, pj^idoxine or calcium pantothenate to the 
B-complex-deficient diet failed to decrease the vaginal response of these 
rats to the lex el of the rats on the normal diet, whereas addition of thiamin 
hjdrochlonde and nboflaxin effected this result The authors state 
that the effect of thiamin hydrochlonde on the vaginal response to estro- 
gfin. admimAtration la independent of its effect on the appetite of the 
expenmental animals Singher el ai (1G7) made tn vitro studies beanng 
on the relationship of xutamm deficiency to the capacity of the Uver to 
inactivate estrogens They obseixed that slices of h\er removed from 
rats on a nboflavm and thiamin deficient diet uere unable to inactivate 
eatradiol, xvhereas lixer slices from rats on a normal diet were capable of 
doing so Furthermore, the loss of inactivating ability paralleled the 
decrease m the nboflavm and thianim content of the lixer Pyncloxmt, 

* See recent reviews by Hertz and also by Biskind m (184) 
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paatothemc acid, biotm, and vitamin A had no effect on estrogen inactiva- 
tion under the same experimental conditions 

Shipley and Gj orgy (166) performed experiments similar to those of 
Bisbnd and Biskind (16) ivith the essential difference that the rats which 
were utilized had hepatic injury deliberately induced by feeding a high 
fat, low protein diet It will be recalled that in Biskind s experiments 
no hepatic lesions were visible Nonetheless the results with respect to 
vaginal response were about the same A curative effect was observed 
when large amounts of yeast were included in the diet Gyorgy (68) 
showed subsequently that the addition of lipotropic factors such as 
methiomne or protein digest to the diet ljkewL.e exerted a curative effect, 
but a fivefold increase in the basal vitamin B supplement did not affect 
the results As to whether the accumulation of fat per se or destruction 
of hepatic cells or both is the responsible factor in the increased % aginal 
response to estrogen m Gyorgy s experiments it appears from the work 
of Szego and Barnes (177) that the dietary accumulation of fat m the 
liver IS not the responsible factor 

Recently the conclusions drawn from most of the foregoing studies 
were questioned by Dnll and Pfeiffer (51) They point out that in 
these studies paired inanition controls were not used To be sure the 
observations of Biskind and Biskind (IG) were readily confirmed by Dnll 
and Pfeiffer but paired mamtion control rats which were limited to the 
same amount of food consumed by the vitamin deficient animals (but 
receiving the B vitamin) also showed vaginal cornification The authors 
(51) conclude therefore that the effect of acute vitamin B complex 
deficiency appears to be due to the concoiratant inanition, addition of 
methionine to the diet did not influence the results 

Koref and Engel (99) observed that folic acid will inhibit to a limited 
extent the estrogenic activity of estrone after the two substances are 
incubated tn vttro Although folic acid is present in liver, the authors 
suggest that folic acid may not be the substance responsible for the 
vigorous estrogen inactivating potency of the liver tn vxlro 

H Eazymic Inactivation of Estrogens 

It IS generally believed that catabolism of the estrogens will result in 
the formation of products lacking m biological activity, this process 
has been loosely referred to as “inactivation ” Nothing is known con 
cermng the nature of such products These should not be confused with 
the conjugated forms of the estri^ns such as estrone sulfate and estnol 
glucuromde the latter are weakly estro^mc and are readily detected by 
subjecting the conjugates to acid hydrolysis which liberates the estrogen 
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The source and nature of the en^Tnes orensyme sj stems which inactn ate 
estrogens are discussed below 

1 Ltver 

Zondek (201,202) has been successful in obtaimng a cell free extract 
of h\er which will destroy the biological potency of estrogens^, the pres 
ence of an enzyme, “estnnasc,” has been postulated Engel and Rosen- 
berg (54) have also succeeded m preparing similar aqueous extracts from 
beef liver, such extracts may be treated wath organic solvents to precipi- 
tate the inacti\ ating factor in the form of a powder It would be highly 
desirable to obtain a highly potent preparation of this character so that 
the nature of the inactivating process and the structure of the products 
of macti%ation might be determined Heller (7C) beUeves an oxidase 
system is responsible for the mactnation of estrogens by hver shccs but 
the presence of such a sj’stem could not be demonstrated by Graubard and 
Pincus (06) 

2 Plants 

Westerfeld (187) obtained from mushrooms a tyrosinase extract which 
con^eIta tyrosine to melanin and is also capable of inactivating estrone 
The products formed from estrone may be similar to the products 
described by Raper (144) when tyrosina«e is permitted to act on n cresol 
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The oxidative nature of the enzymic inactivation of estrogens has been 
demonstrated by Graubard and Pincus (66) They found that potato 
tyrosinase transforms the estrogens into colored products with the uptake 
of three to four atoms of oxygen, the hormones appeared to be com- 
pletely mactivated Laccase action ivill result in the uptake of about 
one atom of oxygen per molecule of hormone with a loss of 90% of the 
estrogemc activity Mushroom tyrosinase does not appreciably oxidize 
estrogens nor does it affect their activity Zondek and Sklow (203) 
desenbed the preparation of an estrone-inactivatmg enzyme from pota- 
toes, which they believe to be neither tyrosinase nor a laccase ITiese 
authors (cited in 203) also found that beet root and potato juice contain a 
tyrosmase capable of inactivating estrone Hyacinth roots and cauU- 

* Synthetic estrogens e g , stilbestrol may also be inactivated by rat liver pulp 
(Zondek et a! . 206) 
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flower juice mil destroy estrone although they do not contain a melanin- 
forming tyrosinase Howeier, the melanin-forming tyrosinase from 
mealnorm larvae does not inactivate estrone Recently Zondek and 
Sulman (204) examined 32 strains of nonpathogenic bacteria and found 
that Proteus X kingsbury and Bacillus meseniencus mil inactivate 
estrone*, the presence of a melanin fqrming tyrosinase could not be 
detected Examination of 29 pathogemc strains of bacteria did not 
reveal any strain capable of estrogen inactivation 

While it IS true that the inactivatmg factors present in the plant 
kingdom have not been demonstrated in the ammal organism, still much 
can be learned by the type of studies described above, similar sub- 
stances might be formed in the mammalian orgamsm although perhaps 
by a different mechamsm * It would be very interesting to isolate the 
end products of estrogen inactivation and to determine their structure 
Probably these substances are exceedingly labile and may defy isolation 
from such sources as urine 

I FsTnoGEN IN Bile anp Blood 

1 Excretion of Estrogens tn Bile an Enterohepatic Circulation 
of EstrogensT 

A very high excretion m the bile of dogs and humans of estrogen of 
both endogenous and exogenous ongin has been observed b> Cantarow 
and co-workers (32-35) For example, as much as 90-95% of the bio- 
logical activity was recovered m the bile of dog'? following the intravenous 
injection of either estrone or a-estradio! (35) Although it had been 
known that bile contains estrogenic material,** (literature cited by 
Cantarow et al , 35), it had not been demonstrated until recently that the 
quantities of estrogen excreted in the bile are large by companson mth 
the amounts to be found in the peripheral circulation or in the nonendo- 
enne organs of the body These findings led Cantarow et al to postulate 
an enterohepatic circulation of the estrogens similar to that of the bile 
acids These investigators (35) do not deny that the liver can inactivate 
estrogens but they doubt that the hver does so m vuo as rapidly as has 
been supposed The experiments tn iiiro irdicate that the liver rapidly 
inactivates estrogen (see Section II, F, 1), but the expenments in vivo 
performed by Cantarow ei al do not support this conclusion In iitro 

• Estrogens may undergo metabohe change by the intestinal flora, estrogens are 
knon-n to be excreted into the gut (see Section I, I, 1) 

* Tj rosinase like ’ activity has been detected in the hide of the rat by Spoor and 
Ralli (174) 

“ Early observations by GseU-Busse (67) 
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studies cannot be stnctlj compared to m tito studies, the results may 
perhaps be the same qualitatively but may differ quantitative!}' Those 
tn ttio studies vhich purport to demonstrate a rapid inactivation of estro- 
gens (•see Section II, F, 2) can be interpreted quite differentlj on the 
basis of an enterohepatic circulation of estrogens Thus in those evpen- 
ments in which estrogen is directed into the hepatic circulation (see 
Section II, F, 2, a), a diminished biological response is to be anticipated 
since, under the experimental conditions, little estrogemc substance can 
enter the sj’stemic circulation whereas, under physiological conditions, 
estrogen is secreted into the systemic circulation This interpretation 
appears to be borne out by the demonstration of considerable estrogenic 
activity in the bile collected from a dog in which a pellet of o-estradiol 
was implanted m the spleen (34) 

In tbo'e studies in which the b\ er is damaged (see Section II, F, 2, b) 
or in which the experimental animals are maintained in a state of inani- 
tion by hmitmg food consumption (see Section II, G), the increased 
estrogemc response to estrogen may be the consequence of a decreased 
flow of bile or a diminished excretion of estrogen in the bile, or both ** It 
IS more difficult to explain why sbees of bver from rats on a B complex- 
deficient diet should show a diminished capacity to inactivate estrogens 
on incubation It is noteworthy that Cantarow et al (32) found no 
difference in the rate of inactivation of estrogen by liver brei obtained 
from rats poisoned with carbon tetrachlonde, a bepatoxic agent, as com- 
pared with liver brei obtained from healthy ammals 

The excretion of large amounts of estrogen m the bile w as not ob'ierved 
by Longwell and McKee (103), who recovered only 1 3 to 8 0% of the 
biological activity ui the bile following the subcutaneous injection of 
estrone m dogs Thus, there is lack of agreement between these labors 
tones WTth respect to the level of excretioo of exogenous estrogen m the 
bile Cantarow el al (35) stress the nece^ity of ensunng a satisfactory 
state of efficient bver function m bile fistula dogs since otherwise rela 
lively iDsigmficant hepatic functional defects may have a profound 
influence on steroid hormone metabolism It has become increasingly 
arpparuifi, ’zn 'xweiK "yvan, ♦hn/k’iii/w/cftnidt Tuifii. hfb wOiannd* nv/Jn 

in evaluatmg the level of estri^en metabolism in the organism 

As Longw ell and McKee (103) have pointed out, the liver appears to 
be intimately linked with the metabolism of estrogens and the bile seems 
to be a likely source of matenal with which to study these reactions 
These mvestigators found that the bile contains estrogenic substances 
other than the estrone administered to bile fistula dogs Pearlman el al 

I* A vasoconstrictor effect on intrabepatic circulation m the rat results from brief 
inhalation of carbon tetrachloride vapors (Wakiia and Mann. IRSI 
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(131) similarlj demonstrated the presence of metabolites of estradiol m 
the bile folloiiing the administration of this estrogenic substance 

Appreciable amounts of estrogen have been detected in the feces of the 
pregnant cow (Le\in, 100), the major portion of the estrogenic activity 
IS found m the vicakly phenolic, nonketonic fraction and it may therefore 
be presumed that estradiol is present The excretion of estrogens in the 
feces may be due to the fact that estrogens are normally excreted in the 
bile and may escape, in part, absorption in the gut, it is also possible that 
estrogen is excreted into the gut directly from the blood stream A fecal 
excretion of estrojena m other species has been noted by other investiga 
tors (literature reviewed by Levin 100) The intestinal flora may play a 
role in effecting chemical changes m the estrogen excreted since it is well 
established that the estrogens (and other steroids) undergo phtyochemical 
change (for a review of pertinent hteralure, see 139) 

2 Nature of Estrogen Ctreulahng xn Blood 
The estrogen in the blood is maintained at a relatively low level even 
under those physiological conditions when estrogen production is maxi- 
mal, eg, during pregnancy (Saego and Roberts, 179) Intravenously 
injected estrogen disappears rapidly from the blood stream (Cantarow 
et of , 32) Whatever the explanation for these phenomena (see discus- 
sion above) it is evident that the concentration of estrogen arriving at 
the target organs of estrogen stimulation must be at a low level It is of 
obvious importance to know the nature of this “transport-estrogen " 
Pursuit of this problem has been handicapped by the practical diffi- 
culty involved m obtaining from the blood amounts of estrogenic material 
adequate for isolation study Nevertheless, some information of an 
indirect nature has been obtained Haussler (70) reported tliat variable 
amounts of estrogen are associated wnth. the proteins in mare serum 
Muhlbock (125) observed that about 30-50% of the estrogenic substances 
in the blood of pregnant mares is in a combined form from which it is 
released on acid hydrolysis, in pregnant women, 50-75% of the blood 
estrogens are in the free form (Muhlbock, 126) Rakoff et ol (143) found 
that the concentration of estrogens in the serum of pregnant women is 
identical w ith that m whole blood, as much as 50 % of the total estrogenic 
materia! of the serum may be present in a combined or conjugated form 
Szego and Roberts (179) have made extensive studies of blood estrogen 
They observed that the estrogen content is umformly low in the blood 
or serum obtained from pregnant women, normal and pregnant cows, 
and normal and gonadotrophin mjeeted rabbits Protein free acetone 
extracts of blood contain about one third the total estrogenic con- 
tent of the blood, the estrogen m these extracts is almost entirely 
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present m a conjugated form since it can be extracted Mith ether onij 
after acid hjdroljsis The rest of the estrogenic matenal is asso- 
ciated Mith the blood proteins in a form liberated by weak alkaline 
hydrolj sis The blood estrogens will pass through a collodion membrane 
and the dialjzate so obtained contains all of the estrogenic material 
onginally present in the blood It is interesting that thej were able to 
dialjze aqueous solutions of the crystalline estrogens Tlie authors 
conclude that there is an equihbnum in the blood between estrogen and 
protein and that dialysis results m the progressne dissociation of the 
estrogen protein complex Roberts and Szego (146) utilized human 
plasma matenal recently made aiaiUbtc by the Cohn method of frac 
tionation and found that the lipoprotein fraction III O (a ^ globulin 
fraction) contains most of the estrogemc matenal All the estrogemc 
actmty of this fraction may be found in the dialj zate the estrogen is 
present in an estenfied form from which it can be released by brief acid 
hydrolysis The estrogemc matenal thus obtained resembles estnol m 
its physical properties The authors suggest that the conjugated form 
of the estrogen may be that of a gtucuromde It is also suggested that 
the liver may be the site of formation or combination of the estrogen 
protein complex The reports of Roberts and Szego leave the impression 
that practically all the estrogenic matenal in blood or plasma is present 
iQ a conjugated form not extractable by ether whereas other workers 
in this held have indicated the presence in blood of considerable amounts 
of estrogen existing m a form which can be readily extracted by ether 
t e , the free form 

J Some Conjectures Regarding Mbtabousm op Estrogens 

Zondek and Sulman secured indirect evidence (205) on the basis of 
expenments with gonadotrophic and antigonadotrophic factors for the 
formation of a “pro-estrogen ’ in the oxaries of infantile female rats 
dunng the eighteen hour penod foUowang the injection of chonomc 
gonadotrophin They also cite the work of Freed and Soskin (GO) who 
stimulated rat evanes wath chonomc gonadotrophin and obtained evi 
dence for the formation of two estrogens one in the theca and the other 
in the granulosa The theca estrogen was found to be incomplete m its 
action since it did not induce endometnal proliferation The granulosa 
estrogen was complete in its action and resembled estrone in this respect 
It would be very mteresting to determme the chemical structure of these 
substances but an attempt to isolate these from oxarian extracts would 
probably not be practical 

The androgens may possibly serve as precursors of the estrogens m 
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the organism, as ^\as first su^ested by Butenandt and Kudszus in 
1935 (28) The'e im estigators observed that androstenedione elicited an 
appreciable estrogenic response m infantile female rodents, they con- 
sideied the possible conversion of androstenedione into estrogenic sub- 
stances in the o^ary It is of interest in this connection that some 
evidence has been obtained which indicates that the ovanes secrete 
androgenic substances, but the nature of these substances is not knoivTi 
(literature cited in 139) 

Paschkis ei al (129,130) attempted to demonstrate a biological trans- 
formation of androgens into estrogens They detected the excretion of 
estrogenic material m the bile and unne of female dogs following the 
administration of androgens Since the amounts of estrogen excreted 
nere very small, it is possible that the ovanes may have been stimulated 
to secrete additional estrogen, but according to these authors, the fact 
that estrogen was present in the unne follomng the injection of testo- 
sterone in normal and castrated male dogs (129) militates against this 
assumption The reviewer is of the opinion that no conclusion can be 
arrived at 'vith respect to the ovarian factor since castrated female dogs 
r\ere not utilized There is also the possibility that the adrenal glands 
of either sex may have been stimulated by the androgens injected The 
adrenal factor is not eliminated by the observation, in a sub«equent 
experiment that very small quantities of estrogen are excreted by a 
female adrenalectomized dog since this animal w as not castrated Pasch- 
kis et al (129) finally conclude that the conversion of androgen into 
estrogen seems to be more a likely interpretation but is not yet definitely 
p^o^ed in none of these experiments was an excretion of estrogen 
observed prior to androgen administration It is noteworthy that 
certain androgenic substances, especially A*-androstenediol-30), 17(a), 
possess some estrogenic activity (Butenandt, 23) AVhether A**andro- 
stenediol-3(/9), 17(a) is actually converted tn vuo to a substance identical 
with or closely resembling the native estrogens in structure is not known, 
the estrogenic activity of these androgenic substances may be due to their 
rmtrrrrsrtf sfracArre migAi 6e mferestmg io see wfretffter iffte eAcreifwJ^ 
of estrogemc matenal is actually hi^er in dogs injected with A* andro 
stenediol-3(/3) 17(a) than in dogs similarly treated with testosterone, it 
might also be of interest to carry out such experiments with gonadec- 
toimzed adrenalectomized animals In recent years, a chemical basis 
of analogy has been established for the biological conversion of andro- 
stenediol into a-estradiol (see Section I, B, 2) Cholesterol may be the 
ultimate source of estrogens in the orgsjusm, the metabolic route maj 
perhaps be by way of dehydroisoandrosterone (Butenandt and Kudszus, 
28, Fieser, 56) Rondom et al (150) claim to have detected small 
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amounts of estrogenic matenal m h\er following incubation with choles 
terol o\ er a period of se^ eral w eeks Since incubation of estrogens with 
In er is known to result in inactii ation, the evtent of con\ ersion of choles 
terol to estrogen maj ha\e been considerablj higher The chemical 
nature of the estrogenic matenal obtained in the e\penments of Rondom 
ct al (150) was not estabhshed The results obtained are not clear-cut 
and imply that organs other than those of internal secretion may sen e as 
sources of estrogen elaboration, an inference that has not been substan- 
tiated to date 

A method dcMsed bj Emmens (52) may be exceedtnglj useful for the 
detection of metabolic precursors of the estrogens According to this 
author, pro-estrogens may be differentiated from true estrogens by deter 
minin g the relatiie efiectiie do‘!e required to ehcit a \aginal response 
when the substance tested is admimstered bj the s>stemic (S) and local 
(L) routes Compounds which have a low S/L ratio are regarded as pro- 
estrogens on the assumption that such compounds, m order to exert a 
maximal biological response, must enter the s>stemic circulation to 
undergo modification bj some organ other than the vagina Of the sub 
stances thus far tested and found to be pro-estrogens, none are steroid in 
character with two notable exceptions one of these is androstenediol (see 
discussion above) Useful “leads” as to the nature of estrogen pre- 
cursors might be gaaned b} a more extensive application of tbe Emmens 
method 

Ample ground for speculation m the field of estrogen metabohsm is 
afforded by our expanding knowledge of tbe chemistry of the estrogens 
For example, the recent findings of Mieseber and co workers (see Section 
I, C) that certain acids prepared by total synthesis or bj partial synthesis 
from the native estrogens are more active than o-estradiol raises the 
question in the minds of these investigators of whether these substances 
(or perhaps amilar ones) may be formed in tiio The student of estrogen 
metabohsm, having been alerted by work of this character, maj be encour- 
aged to make a more exhaustiv e stud> of the acid fractions obtained from 
extracts of biological matenal Bioassay by the vaginal smear techmque 
sh/iuid hft at aid m. this mstance m follow tha course at isQla.tiaiL, 
but it would be useless m the detection of a product such as marnanohe 
aad which is lacking m estrogemc activity Lactones may anse m the 
course of estrogen catabohsm, compounds of this character have been 
prepared by treating the native estrogen with chromic acid, perman- 
ganate, or hj drogen peroxide (see Section I, C, and I, D) Reactions 
with hj drogen peroxide are believed to resemble reactions which occur tn 
uto and it is for this reason that the weakly estrogemc lactone, which 
Westerfeld (18S) obtamed by treatmg estrone with hydrogen peroxide. 
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may be of special significance According to Smith (170,171), this 
lactone is considerably more potent than estrone in stimulating the 
pituitary, a remarkable finding indicative of the existence in nature of a 
novel category of estrogens A differential method of assay based on the 
pituitary and vaginal response may yet reveal the existence of metabolites 
identical mth or similar to Westerfeld's lactone Compounds such as 
16-ketoestrone or 16 hydroxyestrone, which are hypothetical intermedi- 
ates in the biological conversion of estrone to estnol, and also 7-keto- 
estrone would probably be decomposed by the strong alkali ordinarily 
employed in extracting estrogens, 7-ketoestrone is readily destroyed by 
treatment with aqueous sodium carbonate at room temperature (Pearl- 
man and Winterstemer, 135) It is conceivable that the marked increase 
in biological potency observed by Smith and Smith (172), as a result of 
the addition of zinc dust prior to the acid hydrolysis of urines, may be 
traced to the reduction of alkali labile estrogenic material, this increase in 
estrogenic activity cannot be due entirely to the conversion of estrone to 
estradiol, according to Smith and Smith 

In retrospect, it can be said that our present knowledge of estrogen 
metabolism is fragmentary but the future appears to be very promising 
It IS becoming mcreasiogly apparent that compounds which can be pre- 
pared m the laboratory from the estrogenic hormones can, m many 
instances, be isolated from natural sources as well Thus our knowledge 
of the chemistry of the estrogens quickens our efforts m solving problems 
of estrogen metabolism The application of the new tool of isotope 
labeling may prove to be as highly illuminating lO this field as has been 
its recent application in studying the related fields of steroid metabolism 
(for example see Bloch et al , 18) Although much has been, and prob- 
ably will be learned bj the classical approach to metabolism investiga- 
tion deficiencies inherent in such methods render the study of certain 
problems difficult if not impossible, as for example, the hypothetical 
conversion of cholesterol to estrogen 
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I. Chenustry of Progesterone 
A Partial Synthesis of Progesterone 

Many steroids occurring in nature may serve as starting material for 
the preparation of progesterone (\0 Those steroids containing more 
than 21 carbon atoms ob\iously require the degradation of the Cn side 
chain m order to obtam den\ati\es of pregnane (Cji senes), the latter 
compounds maj then be con\erted to progesterone In the process of 
shortemng the side chain, Ci» steroids (and other steroids) maj be formed, 
these may be utilized for the preparation of progesterone or for the prepa- 
ration of other steroid hormones, e g , testosterone (CXXI), desoxj corti- 
costerone (LXL), etc 

1 From Cholesterol 

Drastic oxidation of cholesterol (I) inth chromic acid results m the 
formation, in low jneld, of dehjdroisoandrosterone (III), 303)-hjdroYj- 
t* cholemc acid (II) (Butenandt et al, 19, 'Wallis and Fembolz, 221), 
A‘-pregn€noI.3{^)-one-20 (IV) (Fujii and MatsuLana, 64, Ruzicka and 
Fischer, 18S, Schwenk and Whitman, I9S) as nell as other products 
The folloRTng groups in cholesterol are shielded dunng the process of 
oxidation (a) the h>drox>l group on carbon 3 by acetylation, (6) the 
ethylemc double bond by preparation of the 5,6-dibrozmde, dehromina- 
tion is subsequently effected mth zinc dust and acetic acid The oxida- 
tion products (see Chart 1) are converted to progesterone by procedures 
described belon 

Progesterone may aho be obtained from cholesterol m one major 
operation but the yields are \ery poor For example, Serono and 
Marchetti (201) treated the 5,6-dibromo denvative of cholesterol (10 
g ) ftith hy drogen peroxide in an alkaline solution containing a trace of 
moist sil\er oxide, 80 mg of a semicrystalline mass nas obtained which 
possessed progestational actixily Spielman and Mey er (206) treated a 
benzene solution of cholesterol dibronude mth aqueous acid perman- 
ganate, the yield of progesterone was about 0 2% on the basis of bioassay 
Although the yield appears to be infinitesimal, the authors claim that the 
cost IS a fraction of that requited by the then current methods for obtain- 
mg progesterone The preparation of crystalline progesterone is not 
feasible, hon ever, by this procedure because of the inherent difficulties in 
purification Cholestenone isobtamed mahout 50% yield in the process 
just described, it can be converted to progesterone by oxidation with 
chromic acid by a procedure described by Dirscherl and Hanusch (44) 
Tavastshema (212) oxidized cholestenone dibromide (obtamed from 10 g 
cholesterol) m benzene solution by shaking nnth an aqueous acid perman- 
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ganate solution, 40~60 mg progesterone Trere finally obtained, Spielman 
and Meyer (206) nere unable to duplicate these findings Bretschneider 
(13) passed oxygen through molten cholestcnonc at 170“ in the presence 
of vanadium pentoxide, an unspecified small amount of progesterone 
was obtained 


CHART I 

The Partial Stvthesis or ProcE3Terove (V) froh Cholesterol (1) 
(An over all ficheme) 



2 From Stigmasterot 

Femholz (69) treated the 5,6-dibromo derivative of etigmasterol 
acetate with ozone, thereby rupturing the double bond betn een carbon 
atoms 22 and 23 , debrommation and hydrolj sis yielded the correspondmg 
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bisnorcholemc acid (XIII) The latter compound i\as subsequently 
coii\erted to progesterone (see Section I, A, 4) 

Butenandt et al (19) oxidized stigmasterol and obtained dehjdroiso' 
androsterone (III) by a procedure essentially that followed in obtaining 
III from cholesterol (I), other plant sterols of like nature, e g , sitosterol, 
may be similarly degraded The I7-ketosteroid thus obtamed may be 
utibzed for preparation of progesterone (see Section I, A, 6) 

3 From Sapogentns 

Marker and co-workers (110,111, 13fr-l39, 143) utihzed sapogemns for 
the preparation of pregnane compounds, the yields are high Thus, 
A’*-pregnenol-3(a)-one-20 is obtamed m 52% yield from episarsasapo- 
gemn acetate (Marker, 111) In of the fact that this compound 
and certain other Cji steroids may be conierted to progesterone (V) 


CHART 2 

DeOSAOATIOV of SlPOOE'nNS TO PbEOSAMB DeaiTATITBS 
(Marker €tal) 



vm I IX 

Postulated intermediate I a'*-Pregnenedione-3 20 
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Without great difficulty (see Section I, A, 6), the sapogeoms appear to be 
a very suitable source for the preparation of progesterone As an 
lUustration of the degradatue procedures employed by Marker and 
co-workers, the conversion of sarsasapogenin (VI) to A^‘-pregnenedione- 
3,20 (IX) IS now described (see Chart 2) The starting product, VI, is 
heated with acetic anhydride and the reaction product hydrolyzed to 
obtain pseudosarsasapogenm (VII) Mild oxidation of VII with chromic 
BTjd A'*-ji«>£3)ejjrdjnnp-3,^ (Marker and JJnbjimamj, 

In a similar manner, A‘<-allopregncnedione-3,20 (CXI) may be obtained 
from tigogenm (Marker and Rohrmann, 137), and A* "-pregnadienol- 
3(d)-one-20 (XLIV) from diosgemn (Marker ei al , 143) 

The sapogenms may be degraded to Csi steroids by jet another 
method Thus, for example, sarsasapogenin acetate (VI acetate) on 
treatment with persulfunc acid followed by hjdroljsis of the reaction 
product (not isolated) yields pregnanetnol-3(d),16,20 (XII) in 20-40% 
yields XII, on chromic acid oxidation followed by reduction with 
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sodium and alcohol, yields pregnaDediol-3(a),20(a) (XI) (Marker ei al , 
138) (see Chart 2) 

4 From Bile Acids* 


Femholz (60) treated the methyl ester of 3(/9)-hydroxy-A‘-bisnor- 
cholenic acid (XIII) (derived from stigmasterol) ivith phenyl magnesium 
bromide to obtain the diphenylcarbmol, XIV Dehydration of XIV 
juelds XV, the A* double bond of XV is protected by selective bromma- 
tion and the A*" double bond is then ruptured by ozonolysts Debalo- 
genation of the oxidation product yields A* pregneno!-3(d)-one-20 (IV) 
from which progesterone (V) is readily derived Butenandt et al (36), 
independently of Fernholz, prepared progesterone by the same route 
Erhart ei al (57) also succeeded in converting XIII to progesterone, 
XIII was degraded, in this instance, by the method of Curtius 

The naturally occurring bile acids serve as an excellent source for the 
preparation of pregnane derivatives Efforts aimed at shortening the 
side chain in bile acids have been greatly intensified in recent years with 
the mam objective of preparing etiocholanic acids for the partial synthesis 
of adrenal cortical hormones (for a fuller discussion, see Chapter XIII) 
As intermediates in the degmdative process, pregnane dcriv atives may 
be obtained Thus, for example, Hoehn and Mason (85), by introduc- 
ing certain modifications m the Barbier Wieland method (8), greatly 
increased the yield of 20 ketopregnane compounds derived from bile 
acids The steps involved (see Chart 3), which may be compared vnth 


CHART 3 

CoNYKSSioN or Bile Acids to Phogbstbrond (V) (and Other 20 Keto pheosans 
COUPOONDS) 

A Fernholz Butenandt et al 


CH, 

H^COOH 


/\i 



3(0)Hydrosy a* 
bisnorcnolenic acid 


(derived from stigmasterol) 
See Chart 3 
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CHi CiHi 


♦ 5.6-DAroinide -♦ IV V 


B Hoebn and Mason 


CH, 

OH H(!j— CH t— CHr-COOCH, 



XVI 


DesoxychoUe acid, 
methyl ester 


xvn 


"Dipheoylcarbinol" 



CrO. 



•COOH 
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XXI 
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Pregnanediol-3(a), 
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C Meystre Mjescher et al 


II (30)Hydioxy A'-choleoit acid) - 



CH, H C.H, 
h/)— CH,— 

I \ 



XXVI xxvn 

KsCOi Oppeoauer 

*IV V 

melhsnoi oi <Ut on 


those in Fernholz s procedure for converting 3(/3) hydros} A® bisnor 
cholenic acid (II) to A® pregneDo]-3(/8)-one^ (IV)» are as folloris the 
methyl ester of desoxycholic acid (XVI) is treated mth phenj 1 magnesium 
bromide to obtain the corresponding diphenyl carbinol II XVII 
readily undergoes dehydration Tvhicb results m the formation of a double 
bond betn een carbon atoms 23 and 24 (XVIII) , chromic acid oxidation 
ruptures this double bond and nordesoxychohc acid (XIX) is formed 
Repetition of the foregoing process yields the bisnor acid XX The 
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process is once more repeated but instead of chromic acid, ozone is 
emplojed to rupture the double bond which is now between carbon 
atoms 20 and 22 (in XXI) The product finally obtained is pregnanediol- 
3(a),12(a)-one-20* (XXII) If htbocbohc acid is substituted for desoxy- 
chohc acid in the foregoing scheme, pregnaiiol-3(ff)-one-20 (LVIII) is 
the final product Hoehn and Mason (46) were also successful m increas- 
ing the yield in the preparation of lithocholic acid from cholic acid (or 
from desoxycholic acid) Thus, the path to progesterone via cholic acid, 
a most readily accessible bile acid, is considerably improved Marker 
and Krueger (GS) succeeded in converting hyodesoxycholic acid to 
progesterone The side chain in this bile acid was shortened by the 
method of Barbier-Weland as described by Hoehn and Mason (85) , the 
pregnanediol-3(a),G(0)-one-2O* thus obtained was oxidized to pregnanol- 
6(d)-dione-3,20 The 6-acetyI derivative of the latter substance under- 
went deh 3 dration on distillation oier potassium hjdrogen sulfate, 
j lelding progesterone V The yield m the com ersion of pregnanediol- 
3(a),6(0)-one to progesterone might be considerably impro%ed if the 
novel procedure described b> Gallagher and Xenos (66) were applied 
The latter mvestigators converted hyodesoxycholic acid to the corre- 
sponding a,d-unsaturated ketone by submitting the methyl ester of the 
bile acid to gentle Oppenauer oxidation This resulted in the preferen- 
tial ondation of the 3-hydroxy! group to give methyl-3-keto-6-hydroxy- 
cholenate The 6-p-tosyl-denvati\e of the latter compound on heating 
with collidine jnelded methyl-3-kcto-A*-cholenate limura and Sugi- 
yama (95) also prepared pregn8nediol-3(a),6(i3)-one-20* from hyodesoxy- 
chohe acid The side chain in the bile acid was shortened by the method 
of Wieland, Schlichtling, and Jacobi (8), * e , the dimethylcarbmols were 
prepared rather than the diphenylcarbinols and these were not dehy- 
drated prior to chromic acid oxidation (see methods described abov e) 

The procedures recently devised by Meystre, Miescher, and co-w orkers 
(158-162) for converting bile acids to the corresponding 20-ketopregnane 
denvativ’es appear to be most expedient in view of the high yields 
reported As an example, the conversion of 3(/3)-hydroxy-A®-cholenic 
acfd (17), a by-product in theoxzdattoaofcholestera} (I), to A^-pregneaol- 
one-20 (IV), will be briefly desenbed (Meystre et al , 159) (see 
Chart 3C) II is converted to XXIII (see procedure for conversion of 
XVI to XVIII m Chart 3B) Treatment of XXIII with hydrochloric 

• The hydroxyl group on carbon 12 is designated a rather than p in view of the 
recent evidence that in desoxycholic acid this group is a (Gallagher and Long Sorkio 
and Reichstein, 65) 

• Pregnanediol*3(a),6(fl)-onc 20 was recently prepared by Moffett et el (165) from 
hyodesoxycholic acid by two independent methods, but it did not appear to be identi- 
cal with the products obtained by either of the investigators cited above 
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acid results m the selective addition of the reagent to the 5,6 double bond, 
giving the 5 chloro derivative, XXIV, the over-all yield (II to XXIV) is 
79% The last step (XXIII to XXIV) is earned out to protect the 5,6 
double bond in the following manipulations XXIV is treated with 
I'f-bromosuccinirmde, thereby mlroducing a bromine atom on carbon 22 
(in XXV) The bromo denvative, XXV, is refluxed with carbon tetra- 
chloride whereupon hydrobroimc acid is eliminated, giving XXVI , XXVI, 
on oxidation with chromic acid, gives the corresponding 20 keto steroid, 
XXVII, which, on treatment with potassium carbonate in methanol, 
forms A® pregnenol-3(^) one 20 (IV) Conversion of the latter to 
progesterone (V) is easily accomplished by Oppenauer oxidation, the 
over-all yield of V from XXIV is 43% Pregnanol-3(Q;)-one-20 (LVIII) 
may be obtained by a similar degradation of the side chain in litbocholic 
acid (Meystre and Miescher, 162), other bile acids have been subjected 
to similar treatment (Meystre el al , 158,160,161, Moffett et al , 165) 
Keicb and Reicbstem (181) treated the diacetate of desoxycbolic acid 
CHART 4 

CoHviasioM or (Auo) Pbconane CostronnKS to Pboozstssomb (V) 


A Pregnane Senes 


XI (Pregnanediol-3(a) 20(a)) 




XXiA 

4 Bromo denntxve 
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B. Allopregnace Series 



(XVI) with chromic acid; a very small amount of the corresponding 
20-ketopregnane derivative, XXII, was obtained. Apparently, direct 
oxidative attack on compounds of the cholanic acid series is of little 
preparative service in this connection. 

6. From Compounds in the Pregnane and Allopregnane Series 
Substances belonging to the pregnane and allopregnane series may 
be utilized for the partial syntheris of progesterone. These compoxmds 
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may be obtained from unnary extracts (see Section II), and by degrada 
tion of the sapogenms (see Section I, A, 3) or of the bile acids (see Sec- 
tion I, A, 4) 

Butenandt and Schmidt (31) succeeded m converting pregnanediol 
3(a), 20(a) (XI) to progesterone (V) (see Chart 4) The partial synthesis 
was accomplished by oxidation of XI to the corresponding dione, 3QCVIII, 
broraination at position 4 (XXIX) and treatment of XXIX with collidine 
or pyridine to eliminate hydrogen bromide 

In contrast to pregnanediODe-3,20 (XXVIII) (rings A and B cis), 
alIopregnanedione-3,20 (XXX) (nngs A and B irons) yields the 2 bromo 
denvative, XXXI, and not a 4-bromo derivative (Butenandt and hlamoli, 
23), bromination of analogous compounds in the bile acid and cholesterol 
series follows a similar course (Butenandt et al , 25) XXXI resists 
dehalogenation wth pyndine, forming a stable pyndinmm salt which, on 
dry distillation, yields a mixture of approximately equal quantities 
of progesterone (V) and its 4* isomer (XXXII) (Marker et al , 150) 
X^bcil may also be obtained by treating 2-bromoallopregnanedione-3,20 
(XXXI) ivith collidine (Butenandt et al , 26) But if XXXI is heated 
with potassium acetate m acetic acid, an a,0 unsaturated ketone, XXX- 
III, IS obtained which is not identical with any of the abo^e mentioned 
substances XXXIII was tentatively labeled by Butenandt et al (26) 
as the heleT0-4‘ ketone (or h A'-ketone), it had been previously errone- 
ously designated as A'-pregnenediooe-S,^ The structure of the b A*- 
ketone has recently been elucidated by Butenandt and Ruhenstrotb- 
Bauer (29) , as model substance, w-A' cholestenone (XXXIX) was pre- 
pared from 2 bromocholestaaone-3 (XXXIV) Hydrogenation of an 
alcohohe solution of XXXIX, in the presence of Raney nickel and ortho- 
formic ester, yielded choIestanone-4 * This observation established the 
position of the carbonyl group at carbon 4 m the s-A'-ketone The 
position of the double bond may be deduced from ultraviolet absorption 
data in the followmg manner the peak of absorption of the heterosteroid 
is at 240 mfi (as is the case with progesterone) and therefore the double 
bond must be in a position a.,$ with respect to the carbonyl group Of 
the two possible positions for this double bond the A' position is more 
probable since steroids of type XXXII absorb at 230 ra;i Indeed, 
Clemraensen reduction of the « A'-ketone gives A^-cholestene, and treat- 
ment of the ff-A* ketone with potassium permanganate in acetone solu 
tion yields cholestanediol 5,6-one-4 The structure of b A'-choIestenone 

* Hydrogenation of the W A* ketone in acetic acid solution in the presence of 
palladium-calcium carbonate resulted m the consumption of two moles of hydrogen 
the reduction product (a mixture) gave cholratanone-4 on Oppenauer oxidation 
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IS therefore considered to be that of A* cholestenone-4 (XXXIX), 
similarly, b A*-pregnenedione may be regarded as A* pregnenedione-4,20 
The probable mechanism m\ olved in the formation of the n A' ketone is 
indicated in Chart 5 (only nngs A and B are shoi%Ti) The initial step is 
believed to involve a shift of the bromine atom from position 2 to position 
4 (XXXIV to XXXV) , this shift may serve to explain the formation of 
progesterone (V) m addition to A* allopregnenedione 3 20 (XXXII) 
from 2-bromoallopregnanedione-3 20 (XXXI) (see Chart 4) The 
bromine atom at carbon 4 in XXXV is replaced by a h> droxyl group and 
the ketol, XXXVI, thus formed undergoes rearrangement to XXXVII 
Dehydration of XXXVII to furnish XXXIX may occur via XXXVIII, 
XXXVIII resembles the so called t cholesterol (XL) prepared by treating 
the toluenesulfomc ester of cholesterol (I) with potassium acetate in 
acetic anhydride 

CHART 5 

Probable Mecrakism iv the CoxvERstos op 2 BROMOCHOtEeTANOSE 3 (XXXIV) 
TO B Al Cholestevone {X\\I\)» (and op XXXI to XXXIII) 



A'-Cholestenone 4 


I (cholesterol) 



Only Rings A and B are shown 


XL 

Qiolesterol 
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6. From. Dehydroiioandroslerone 

Several routes may be followed io preparing progesterone (V) from 
dehydroisoandrosterone (III) but the route used by Butenandt and 
CHART 6 

Pabtial Stnthesis or PHoaEaTEsovE (V) VBOu Dehtpboisoandbostebove (III) 



IG-Deliydroprogesterone 
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B. 


Ill (dehydroisoandrosterone) 


CiHiMfl 



S>Monoacetate 


XLni-a 

l7'Ethyl*A^&Qdro3t«nedioI 
3(9), 17(or A^pregnenediol>3, 17) 



Za dull 
DutiLUlion 


XIVI XLVU 

4‘ Pregaadieoe* “Tnol ’ 
diol-3(9). 17-3- 
acetate 



3, 20-Diaeetate 



ZLIZ 

17-Isoprogesteroiie 
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Neoprogesterone 
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Schmidt-Thomfi (32) is probably the most expedient (see Chart 6) The 
authors reacted dehjdroisoandrosteroiie (III) acetate with hydrogen 
cjamde, thereby obtainmg the cyanohydrin, XLI XLI, on treatment 
with phosphorus oxj chlonde ond pyndine, ga^ e the unsaturated nitnle, 
XLII XLII was treated with methyl magnesium bromide in order to 
obtam A‘ “-pregnadienol-3(^) one-20 (XLIV) The A“ double bond in 
XLIV may be selecti^ ely reduced by treating an ethanohc solution of 
this compound with sodium hjdroxide and Raney nickel, this results in 
the formation of A*-preguenoI-3(^)-one-20 (IV) IV is readilj converted 
to progesterone (V) by a modified Oppenauer reaction m which aluminum 
isopropoxide and cyclohexanone are employed (Oppenauer, Inhoffen 
et of , 171) The yield of progesterone (V) from dehydroi«oandrosterone 
(III) IS approximately 40% 

The intermediate compound, XLIV, in the foregoing scheme may 
be obtained from dehy droisoandrosterone (III) by another way The 
acety I denvati^ e of III is treated with the potassium salt of acetylene m 
liquid ammoma to give the addition product, 17-ethinyl'4‘-andr05tene' 
diol-303),7 (XLIII) (ICatbol et al , 04, Ruzicka and Hofmann 186) 
XLIII, on reaction with the mercury' salt of acetamide, forms XLIV m 
good yield (Goldberg and Aeschbacher, 67), tbe mechanism of the reac- 
tion wherem the side chain m XLIII-a undergoes by dration and dehydra- 
tion, IS not well understood 

Another approach to the partial synthesis of progesterone (V) has 
been described by Butenandt and co-workers Dehydroisoandrosterone 
(III) is reacted with ethyl magnesium iodide to give A*-pregnenediol- 
3(0), 17 (XLIIIb) (Butenandt el al , 18) Tbe hydroxyl group on carbon 
3 m XLIIIa is protected by acetylation and the denvati\ e is treated with 
phosphorus oxychloride and pyndine to gi\e A‘ ‘^-pregnadienediol- 
3(0), 3 acetate (XLVI) (Butenandt et al , 33) XLVI is converted to the 
tnol, XLVII, with the aid of osmium tetroxide Distillation of the 
3,20-diacetate of XLVII m the pre^nce of zinc dust gave 17-iso-A*- 
pregnenoI-3(0)-one-2O (XLVUI), a substance ■which was found to be 
identical with the product obtamed by alkah isomenzation of A*-preg- 

XL\TII by the method of Oppenauer results in the formation of 17 iso- 
progesterone (XLIX) , it is readily isomenzed to progesterone (V) with 
the aid of acid 

The conversion of dehy droisoandrosterone (III) to A*-pregnenol- 
3(0)-one-2O (IV) may also be achieved by application of the Barrens 
reaction Thus, "iamall and W^s (232) reacted dehydroisoandro 
sterone (III) with a chloropropiomc ester, condensation occurred under 
the mfluence of sodium ethylate to give an oxidoester, L, which, on 
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treatment with sodium hydroxide, yielded a mixture of the free oxido- 
acid, LIT, A®-pregnenol*305)-one-20 (IV) and 17-iso-A‘ pregneaol-3(^)- 
one-20 (XLVIII) Optimum conditions for these reactions were deter- 
mined by employing as model substances cyclopentanone and cyclo- 
hexanone Ercoli and Mamoh (55) substituted dichloroacetic acid in 
the imtial step descnbed above and obtained LI Miescher and Kagi 
(164), in similar studies, protected the hydroxyl group m dehydroiso- 
androsterone (III) by acetylation and then condensed the derivative 
with ajtt'-dichloropropionic ester under the infiuence of magnesium 
amalgam The reaction product, LIII, on careful treatment with 
methanolic sodium hydroxide, yielded a mixture of the acetyl derivatives 
of the isomenc glycido esters of type L, further treatment of L with 
alkali gave the corresponding acids, LII Decarboxylation of LII was 
effected by heating the acetylated esters with qmnolme, a mixture of 
A‘-pregnenol-309)-one 20 (IV) and neopregnenolone (LV) was obtamed 
In contradistinction to 17 isopregnenolone (XLVIII), LVI is digitomn 
precipitable LV may be converted to neoprogesterone (LVI) by 
Oppenauer oxidation, the latter compound is not identical with 17-180- 
progesterone (XLIX) In an effort to elucidate the structure of LVI, 
Ruzicka and Meldahl (188) prepared this compound by treating A* preg- 
nenediol-3(d),17(a)-one-20 with phosphorus tnbromide and dehalogenat- 
mg the 17-bromo derivative thus obtamed with zinc dust m acetic acid 
solution It was suspected that an mtemal leanangement had occurred 
in the course of the formation of neopregnenolone (LV) Indeed, LV 
yielded on selenium dehydrogenation not a cyclopentenophenanthrene 
derivative but instead l-methylchrysene (Ruzicka and Meldahl, 189) 
Neopregnenolone (LV) is consequently represented as the perhydro- 
chrysene derivative, LV, which is designated as 17a-methyl-A* D-horoo- 
androstenol-3(^)-one-17, (* « , ring D is no longer five-membered but is 
BIX membered) , neoprogesterone is represented by LVI The 17-hy- 
droxy-20 ketosteroids may be induced to undergo enlargement in ring D 
by more direct means, eg ,hy treatment with acid, and alkah, or more 
simply in certam instances by contact with alumina as in chromatographic 
analysis (for a more extensive discussion see Chapter XIII) 

B Cbemical REAc^Io^s of Progesterone and Related Products 
1 Reduction* 

Although cholestenone, on catalytic hydrogenation, yields exclusively 
a product m which rings A and B are m a cis spatial relationship (Grssshof 
68), it IS not possible to make generahzations as to the stereochemical 

• See Chart 7 
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CHART 7 

Prooesterove (V), Pkeonanoloves Ata Preovanediols. Cbemical 
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Allopregnanediol 3(a), 20(a) Allopregnanediol 30?), 20(a) 
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course followed durmg the catalytic hydrogenation of other steroids of 
the 3 keto A* type In the case of progesterone (V), Butenandt and 
Fleischer (20) found that this substance, on hydrogenation m the pres 
ence of platinum, ga\e a mixture of dioU which, on oxidation, yielded 
pregnaiiedione-3,20 (XXVIII) (nn^ A and B eis) and allopregnanedione- 
3,20 (XXX) (rings A and B Irons), XXX %vas present in largest propor- 
tion As Shoppee and Reichstem (202) have summanly pointed out, 
the nature of the substituent in the progesterone molecule greatly 
influences the course of the reduction Thus, 21-hydro\5T)rogesterone 
(desoxycorticosterone) (LXL) yields on reduction chiefly a product of 
the CIS configuration ivith respect to rings A and B (Wettstein and 
Hunziker, 228), whereas 11,21-dihydroxyprogesterone (corticosterone) 
(LXLa) juelds chiefly the Irans vanety (Steiger and Reichstem, 117) 
The nature of the reduction products derived from 3 keto A^-steroids of 
the C»T C« Cj*, Cji, Cjt, and Ci» senes is bnefly indicated m Table I 
The stereochemical course followed during the cataivtic reduction of 
the 3 keto saturated compounds of the pregnane or allopregnane senes 
conforms roughly with the von Auwers-Skita rule* (216), t e reduction 
in an acid medium usually gives cts forms (with respect to the spatial 
relationship of the hydroxyl group on carbon 3 with the hydrogen atom 
on carbon 5), whereas Irons compounds are formed in a neutral medium 
Thus Alarker and Lawson (131) found that hydrogenation of allopreg* 
nanedione-3,20 (XXX) in an acetic-hydrobromic acid solution m the 
presence of Adams’ catalyst gave allopregnanediol 3(a),20(/S)(LX), a 
small amount of allopregnanediol-305),20(d) (LXIII) w'as also formed 
Reduction of pregnanedione-3,20 under the same conditions gave preg- 
nanediol-3(^),20(|3) (LIX) almost exclusively Partial catalytic hydro- 
genation of pregnanedione-3,20 (XXVIII) m a neutral solution of alcohol 
yielded pregnanol-3(a) one-20 (LVIII), whereas partial reduction of 
XXVIII in an acetic-hydrobromic acid solution yielded pregnanol 3C8)- 
one 20 (LVII) (Marker et al , 126) It is noteworthy that the nature of 
the medium does not appreciably influence the stereochemical course 
followed durmg the catalytic hydrogenation of the carbonyl group on 
carbon 20 Thus Marker and Lawson (131) obtained only 20(/3)-hydro\y 
derivatives on catalytic reduction of either pregnanedione-3,20 (XXVIII) 
or of allopregnanedione-3,20 (XXX) in an acid medium, catalytic reduc- 
tion of progesterone (V) m a neutral alcoholic solution similarly yielded 
20(/3)-hydroxy steroids Sleystre and Miracher (162) hydrogenated 
pregnanol-3(a) one 20 (LVIII) m an alkaline ethanol solution in the 
presence of nickel and obtained pregnanedio! 3 (b), 20(/3) (LXI), a small 
' Thia generalization is based on hydrogenation studies on simple nonsteroid com- 
pounds such as alkylated cyclohexanone denvatives 
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TABIE I 

Catalytic Htdsooenatiom or 3 Keto Steroids® 

Proportion of ci« 

Steroid hydrogenated and frana products Investigator 

(Rings A B) 

Cholestenone Ctt (only) Grasshof (68) 

Bile acids and derivatives 

3*Keto A*-cholenic acid Chiefly as little trans Schoenheimer and Berliner 

(196) 

3 Keto A^btsnorcholenic 

acid Chiefly as much irons Butenandt and hfamoh 

(25) 

3 11 Diketo A®-etiochol 

enicacid Chiefly trana Mason et al (154) Steiger 

and Reichstein (209) 

3 12 Ddceto A* choleoic 

aud Chiefly eta btlle irons Satrlewicz and Reichstein 

(194) 

Progesterone (1 ) Chiefly trona some as Butenandt and Fleueher 

( 20 ) 

Trana and cia mixture Marker and Lawson (131) 

Chiefly Iratts Pearlnan (172) 

Progesterone derivatives 
16-Dehydroprogeaterone 

(XLV) Cts (only) Marker et al (143) 

9 Dehydroprogeaterone 

(CX) Chiefly trans htUe cia Shoppee and Reichstein 

( 202 ) 

21 HydroxyprogesUiroae 

(LXL) Chiefly CIS htUe trans IVettstein and Huniiker 

(228) 

Corticosterone (LXLa) Chiefly trans Steiger and Reichsteii 

(209) 

Testosterone (and 17 keto 
steroids) 

Testosterone (CXXI) Trans (only) Butenandt el al (34) 

Adrenosterone Chiefly irons Steiger and Reichstein 



* Stenc relationship between rings A and B in reduction products 


amount of pregnanediol 3(a) 20(a) (XI) was also isolated if the hydro 
genation is earned out in acetic acid solution in the presence of platinum 
oxide the same products are obtained but the quantity of LXI formed is 
considerably reduced Heduction of 20 keto compounds of the pregnane 
(or allopregnane) senes with sodium and alcohol favors the formation of 
20(o) hydroxy denvatives (Butenandt and Miiller 28) In the expen 
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ments descnbed bj Mej stre and Mieschcr (162), reduction of pregnanol- 
3(a)-one-20 (LVIII) ^^lth sodium and etiianol yielded about ti\ice as 
much pregnanediol-3(a), 20(a) (XI) as pregnanediol 3(a), 20(^) (LXI) 
The designation a or ^ mth reference to the configuration of the hydroxyl 
group on carbon 20 is purely arbitrary’, onlj pregnanediols of the 20(a) 
varietj have thus far been isolated from unnar> sources (see Section II) 

Partial hydrogenation of A* pregnenol-3(0)-one-20, 3-acetate (IV) in 
acetic acid solution in the presence of platinum oxide yields chieflj allo- 
pregnanol-3(d)-one-20, 3-acetate (LXII) and ^er} little pregnanol-3(d)- 
one-20,3 acetate (LVII) (Plattner el al , 178) Complete hydrogenation 
of A* pregnenol-3(d)-one-20 (IV) under the same conditions yields allo- 
pregnanediQl-3(d), 20(d) (LXIII) (Pearlman, 172) The course followed 
during the reduction of the double bond m ring B m IV parallels that 
followed durmg the reduction of the analogous compound, cholesterol, I, 
to dihydrocholesterol (nnga A. and B Irons) (\S'lUst&Uer and Mayer, 229) 

2 Slereotsomemaiton* 

Treatment of aUopregnanedio)-3(a),20(a) (LXIV) and of pregnsne* 
diol-3(d), 20(d) (LIX) mth sodium m boiling xjlene yield, respectively, 
aUopregnanediol-3(d), 20(a) (LXV) and pregnanediol-3(a) 20(d) (LXI) 
(Marker et al , 127) The net effect m each instance is the formation of 
a steroid possessing a hydro'll group on carbon 3 in trans spatial reh 
tionship with the hydrogen atom on carbon 5, the configuration of the 
hydroxyl group on carbon 20 is not affected Windaus (230) had previ- 
ously employ ed similar means to induce epimensation of the cholcstanols 

The On aide chain in 20 ketopregnane compounds can he induced, 
under the influence of alkali, to undci^o a change m spatial configuration 
Thus, for example, Butenandt and Mamoli (23) found that allopregnanol 
3(d)-one-20 (LXII) is converted, to a certain extent, to 17 isoallopreg 
nanol-3(d)-one-20 (LXVI) on treatment vMth alkali, the change is a 
reversible one, and acid catalysts favor the formation of the normal (or 
naturally occurring) compound In the naturally occurring compounds 
such as progesterone and related products, the side chain at Ci? is believed 
to possess the 0 configuration, i e , the side chain is m a cts spatial rela- 
tionship with respect to the angular methyl group attached to carbon 13 
(see ChapterXIII fora fuller discussion) BothalIopregnanol-3(^)-one-20 
and its 17 stereoisomende are precipitated by digitonin However, 
17-iso-A*-pregnenoI-30S)-one-2O (T^VIII) is not precipitated by digitonm 

' This type of stereoisomensm is not geometrical in character (fixed position above 
or below the plane of the nag), but is instead of the classics! tartaric acid type (free 
rotation t e , the Cir side chain in pregnanediol, etc is free to rotate) 

• Bee Chart 7 
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(Butenandt and Fleischer, 21) It is curious that allopregnanoI-3(^)- 
one 20,3 acetate (LXII) and allopregnanedione-3,20 (XXX) (but not 
the ISO compounds) very slowly form insoluble digitonides (Butenandt 
and Mamoli, 23) This is an exception to the rule that acetyl derivatives 
and ketones in the steroid senes do not form stable molecular compounds 
nith digitonin 


3 Relattie Reactunty of Functional Groups 
The carbonyl group at carbon 3 is more reactive than one at carbon 
20 in compounds of the pregnane or allopregnane senes, e g , partia 
hydrogenation of pregnanedione-3,20 (XXVIII) results in the formation 
of pregnanol-3-one-20 (LVII or LVIII) (Marker el al , 126) In preg- 
nanediol-3(a), 20(a) (XI) the hydroxyl group on carbon 3 may be prefer- 
entially acetylated (Hirschmann, 82) by beating the diol in glacial acetic 
acid, the 20-monoacetate as nell as the 3,20 diacetate of XI are formed 
to some e\tent and may be removed by chromatography Converselj, 
partial hydrolysis of XI-3 20-diacetate gives the 20 monoacetyl derivative 
(Butenandt and Schmidt, 30) The hydroxyl group on carbon 3 m XI 
may be oxidized preferentially by the Oppenauer method if the reaction 
is earned out at 40°C (unpublished observations cited by Gallagher and 
Xenos 3d) 

4 Degradation to IT-KetosUroids (Ci* Sierotde)* 

It IS possible to convert 20 ketopregnane (or allopregnane) compounds 
to the corresponding 17-ketosteroids by treatment, eg ,ol the 20 ketone, 
LXII, Mith methyl magnesium iodide to obtain the dimethylcarbmol, 
LXVII, foUovied by dehydration of LXVII by heating in a mixture of 
acetic anhydride and acetic acid and ozonolysis of the unsaturated prod 
uct LXVIII (Butenandt and Cobler, 17, Butenandt and Muller, 28) 
The position of the double bond in LXVIII is apparently between carbon 
atoms 17 and 20 Koechlm and Reichstein (100) repeated and extended 
the expenments of Butenandt and Cobler, employing LXII, m addition 
to LXVIII, substances isomenc ivith it were obtained One of these 
isomers LXX, contains a double bond between carbon atoms 20 and 22 
(or 21) smee it yields LXII on ozonolysis, the structure of the other isomer 
could not be determined The type of double bond isomer obtained m 
these studies is dependent on the nature of the dehjdratmg agent 
employed Marker et al (123) converted allopregnanol 20(^)-one-3 to 
androstanedione 3,17 by heatmg the starting product ivith zinc chloride 
and acetic acid and submitting the unsaturated product thus obtained 
to ozonolysis the intermediate unsaturated product I'as not isolated 
* See Chart 8 
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Hirschmann (82) con\ erted XI-3 monoacetate to its 20-toIuenesulfonyI 
denvative, liXXI, L\XI, on treatment mth pyndine followed by 
hydroljsis, ga\e A‘^-pregnenol-3(o) (LXXII) in eKcellent yield This 
product was hjdroxylated mth the aid of osmium tetroxide to give a 
pregnanetnol-3(a),17,2Q (LXXIII) isomenc with the tnols isolated from 

CHART 8 

Degradation or C21 Steroids to 17 Ketosteroids (C19-Steroids) 
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Tolutoa lulfoDTl 
tbioride 



y. XXT T. YTTT 
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natuial souices It "was readily converted to etiocholanol-3(£r)-one-17 
(IjXXIV) bj oxidation ivith periodic acid 

Marker and co-workers (113) converted A*-pregnenol-3(/9)-one-20 
(I\0 to dehj droisoandrosterone (III) by the method of Butenandt el al 
(17,28), as described above, it v\as necessarj to protect the 5,6 double 
bond in the intermediary A* '’-diene by preferential bromination 
Another route followed by Marker (113) is forthwith described IV-3- 
monoacetate was brominated to give the 6,6 17,21 tetrabromo denvative 
(liXXV) in good yield, LXXV on treatment with methanohe potas- 
sium hj droxide jielded the corresponding A* ‘’-pregnadienoic acid 21 
(LXXVI), the 5,6 double bond in LXXVI was preferentially brominated 
in acetic anhydride and the 17,20 double bond in LXXVII exposed to the 
action of ozone, the oxidation product, on dcbromination gave III-3 
acetate Marker el al (116,117) similarlj converted saturated 20 keto- 
pregnane compounds to 17-ketoetiocholane derivatives Koechlin and 
Reichstcm (100) repeated and extended these studies to include preg- 
nanediol-3(a),12(a)-one-20 (XXII), the over-all yield of 17-ketosteroid 
was about 7% 

Direct oxidative procedures may also be employed to eliminate the 
Cii side chain of pregnane compounds Hoebn and Mason (85) treated 
XXII with chromic acid and isolated the corresponding 17-ketosteroid 
Marker el al (109,110,142,145) trcatci) 20 ketopregnane and 20 ketoallo- 
pregnane compounds with persulfunc acid and obtained the correspond- 
ing 17-ketosterotds, LIX and LXXIV (as the acetates) as well as other 
oxidation products (tide tnfra) 

Koechlin and Reichstein (100) prepared 21-benzalalIopregnanol- 
3(/3)-one-20,3-acetate (LXXVIII) (a derivative first desenbed by Marker 
and Wittle, 148), and treated it with one mole phosphorus pentachlonde 
in benzene to obtain a product LXXIX, which is probably an enol 
chloride, LXXIX was subjected to ozoooljsis and then hjdrolysis to 
obtain LIX in approximately 45% yield Yet, when this degradatwe 
process was applied to XXII, no 17-kelosteroid could be isolated 

6 Degradation to EUocholantc Aada (Cj# SteroidsY^ 

Hoehn and Mason (85) degraded desoxjcholic acid (XVI) to the 
correspondmg 20 ketopregnane, XXII, and condensed XXII with 
benzaldehyde, thereby obtaining the 2I-benzal derivative, LXXVIII 
liXXVIII, on ozonolysis and penodic oxidation, jielded the correspond- 
ing etiocholamc acid, LXXX hlarker and Witlle (148) succeeded in 
preparmg the 21 benzal derivatives of allopregnanol-3(^)-one-20 (LXII), 
pregnanol-3{/9)-one-20 (LVII), and of pregnanol-3(a)-one-20 (LVIII) m 

••See Chart 9 
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CHART 9 

Degradation or C»i Steroids to Etiocholanic Acids (Cju-Steroids) 
A Hoehn and Mason Marker 


XXII ^ 21 Bensal denv 


Oi then HtOa 



LXXX 

3(ar), 12(a)-Djhydroxy- 
etiocholamc acid 


CH,— NC»Ha 

i=o 



excellent yield, chromic acid oxidation of the acetyl derivatives gave the 
respective etiocholanic acids in approximately 70% yields Etiocholanic 
acids may also be obtained as a by-product m the oxidation of 20-keto- 
allopiegnane compounds with persulfuric acid (Marker, 142) (also 
Marker and Turner, 145) {vide tn/ra) King (96) has described a simple 
scheme for converting A*-pregnenol-3(^l) one-20 (IV) to 3(/3)-hydroxy- 
A'-etiochoIenic acid (LXXXII), IV, on treatment with iodine and pyri- 
dine IS converted to the pyndinium iodine derivative, LXXXI, w’dicb is 
decomposed with sodium hydroxide, the yields are claimed to be very 
good 


() Converaton to 2l-Hydroxylated Dtnvatives'^ 

Following tlie method of Baeyer and Villiger (7), Marker (109) and 
also Marker and Turner (145) oxidized 20-ketopregnane compounds with 
persulfuric acid and obtained the corresponding 21-hydroxvlated denva- 
" See Chart 10 
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tiies (as isell as other oxidation products) (LXXXIII — * LXXXIV + 
LXXXV). Koechlm and Reichstem (100) repeated this study, employ- 
ing alIopregnanol-3(/3)-one-20, 3-acetate (LXII), but found the jields of 
the desired oxidation products to be very poor Another route for the 
preparation of compounds of type UOCXIV was de<!cnbed by llarker 
et al (115). Pregnanol-3(^)-one-20 (LVII) was brorainated m acetic 
acid solution to give the 17,21-dibroimde LXXXVI m high yield 
Gentle treatment of LXXXVI mth potassium acetate and acetic 


CHART 10 

CoNVERSiQV OF 20-Ki:TOsTEROtos (Ch-Steboids) to Cii-OH Derivatives 
A Marker 
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CHjOH 



0 


Desoxycorlieosterone LXL 
{R = H) Corticosterone 
LXLft (R' «• OH) 

acid gave 21-bronio-A**-pregnenol 3(/9)-one-20 (LXXXVII), which was 
hydrogenated in pyridine solution m the presence of palladium to give 
21-bromopregnanol 30) one 20 (LXXXVIII) Vigorous treatment of 
LXXXVIII with potassium acetate and acetic acid resulted m the forma- 
tion of pregnanediol-3(d),21-one-20, 21-monoacetate (LXXXIX) Platt- 
ner el al (178) applied the above mentioned preparative procedure (with 
certain changes in the sequence of steps) using as starting product allo- 
pregnanol 3(/3)-one-20 3-acctate (LXII) LXII-3-acetate was converted 
to the corresponding 17,21-dibroimde (first prepared by Marker, Crooks, 
and Wagner, 116, also desenbed by Koechlin and Reichstem, 100) 
Gentle treatment of the 17,21-dibronude with acetic acid, acetic anhy- 
dride, and potassium acetate resulted in the elimination of bromine at 
carbon 17 and m the formation of a substance containing a double bond 
between carbon atoms 16 and 17 More vigorous treatment of the latter 
compound with the same reagents effected replacement of the bromine 
atom on carbon 21 with an acetyl group to give A''-aIlopregnendiol- 
3(^) 21-one 20 3 21-diacetate, the A'*-double bond of this compound 
was then selectively hydrogenated 

Progesterone (V) may be hydroxylated at carbon 21 by treatment 
with lead tetracetate but the yield of desoxycorticosterone (LXI ) is very 
low (Erhart ei al , 57) 

7 MtscelUineous Reacitons'* 

As a supplement to the bromination studies mentioned above, other 
reactions of this sort are desenbed forthwith As a general rule, bromi- 
nation of ketones results in the mtroduction of bromine in positions « 
to the carbonyl group Thus Butenandt and Mamoh (24) (also Masch, 
24) monobrominated pregnanol-3(a)-one-20 (LVIII) and obtained the 
” See Chart 11 
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corresponding 17 bromo den\ati\e, the latter substance was dehalo- 
genated and oxidized to gl^ e A” prcgnenedione-3 20 (IX) According 
to Marker (114) monobrommation of pregnanol*3()S)-one-20 (LMI) 
CHART 11 

MiscEiiA>Eocs REAcno»rs op Prlcx^m. CoypocNDs 
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results in the formation of the 17-broimde, LXLI, in high yield Treat- 
ment of LXLI i\ith pjndine yields A'*-pregnenol-3(P)-one-20 (LXLII), 
\\hich may be transformed to the startmg product, LVII, on partial 
hydrogenation using palladium catalyst Position 17 is fa\ ored in these 
bromination reactions but further brominafion results also in the intro- 
duction of the halogen at position 21 (see above) The bromination 
studies by Marker (114) n-ere repeated by Koechlm and Reichstem 
(100) and extended to include pregoaDediol-3,12-one-20 (XXII) as the 
starting product Plattner et al (179) prepared A‘*-allopregnenol-3(^)- 
one-20,3 acetate \na the 17-bromide in connection with the synthesis of 
14-hydroxylated steroids A cunous rearrangement of I7-bromopreg- 
nanol-3(d)-one 20 (LXLI) has been descnbed by Marker and TVagner 
(77), LXLI when refluxed with aqueous methanohc potassium bicar- 
bonate is converted to the methyl ester of 3(d)-hydroxy-17-methyIetio- 
cholanic acid (LXLIII) The reaction is analogous to that descnbed by 
Aston and Greenbur^ (6) wherein a bromo secondary-alfcyl kefooes 
rearrange under the influence of sodium alcoholates to give esters of 
tertiary acids 

A»-PregnenedioI-3(d), 20(a) (LXLIV) may be oxidized with selemous 
acid to the corresponding 3,4,20-triol, LXLV, which, on treatment with 
hydrochlonc acid, yields A<-pregnenol 20{o)-one-3, (Marker, 118) 
This type of reaction had been preMously descnbed for the analog 
cholesterol (I)'* by Rosenheim and Starlmg (184) 

ButenandC and Wolff (37) investigated the effect of ultraviolet light 
on o ^unsaturated ketones, irradiation of a benzene or benzene-hexane 
solution of progesterone (V) resulted in the formation of a high melting 
bimolecular compound possessing onij two reactne carbonyl group': 

C Progestekone like Substakces 
1 OxT/ffenated Deruatites of Progesterone 

Ehrenstein (45) and Ehrenstein and Stevens (48) prepared 6-keto- 
progesterone (CIII) and 6(p) acetoxyprogesterone (CII)*‘ by partial 

” Cholesterol acetate on treatment with selenium dioxide yields not only A‘-chol 
estenediol-3 4 but also A*-cholestenediol-3 6 

" The designations prenously assigned by Ehrenstein to the spatial configurations 
of the hydroxyl groups of the pregoenolone denvativea obtained by him are revised 
in the Lght of the recent studies on the corresponding denvativea of the analogous 
compound cholesterol (1) (see Reichstem and Reich 181, for a recent review on the 
latter subject) In hue with the proposals by Reichstem and Reich (181) that the 
a-oxide of cholesterol be designated as 3(/J) hydroxy 5 6(a)-oxidocholestane or more 
simply as 3(^) hydroxy 5 6-oxidochoIestane (allocation of an index to the carbon 5 



XT CHEMISTRY AND METABOUSM OF PROGESTERONE 


439 


synthesis from A‘-pregnenol-3C0)-one-2O (IV) (see Chart 12 for an outline 
of the preparatue routes) Chronuc acid oxidation of IV yields allo- 
pregnanoI-5 tnone-3,6,20 (C)'*, dehydration of C inth dry hydrochloric 
acid m chloroform solution gi\es cm “ It is of interest that 6-keto-pro- 
gesterone (CIII) is biologically inactive The intermediate, C, may also 
be obtained by chroimc acid oxidation of either a!lopregnanetriol-3(^), 
5,6(«)-one-20 (LXLVIII) or of allopregnanetnol-3(0),5 6(d)-one 20 
(LXLIX) LXLVIII is obtained from IV by hjdroxylation inth osmium 
tetroxide LXLIX is obtained by treatment of the acetyl derivative of 
IV with hydrogen peroxide followed by hydrolysis It may also be pre- 
pared by treatment of IV with perbenzoic acid to obtain 5,6-oxidoallo- 
pregnanol-3(0)-one-2O (LXLVII), which, on heating with acetic acid, 
yields LXLIX-6 monoacetate, from which the free tnol is obtained by 
hydrolysis Chromic acid treatment of LXLIX furmshes allopregnane- 
diol 5 G(0)-dione-3 20,6 monoacetate (Cl) , if Cl-6-monoacetate is treated 
TABLF II 

Some Proccstationai lt ArrivE CourouKDs* 

Compound Investigator 

3 EnoUcetate* of progesterone (V) Weetpha] (222) 

6(0) Aeetoxyprogestcrone (CII) I hrenstem and Stevens (48) 

21 Hydroxyprogeeterone (LXL) (deeoxyeor 
ticosterone) Leathern and Crafts (102) 

&-Dehydroprogesterone (CVIII) tlettatem (226) 

11 Dchjdroprogcsterone (CI\) Hegner and Reiebstein (70) 

0 Dehjdroprogesterone (CX) bhoppee and Reichstn n (202) 

10 Xorprogestemne (f \I\) Fhrenatain (46) 

Pregncnmol 17-onp 3 (t \\) Inhoffen el al (92) 

nuzickarlo) (187) 

17 Methyltestosterone (CXXII) ( itod Itj Rustcka and Itoseiibcrg (191) 

* Other than progesterone only Ihe more active compounds are hated 
‘ Prepared by treating progesterone (V) with a rawture of acetic anhydride and 
acetyl chlonde 

position can be omitted since the spatial configuration of the 5-o»do group is already 
indicated by the term cholestane) it is suggested that the a-oxide derived from preg 
nenolone (IV) be called 5,6-oxido3i]opregn8DoI 3(|9}-one 20 (LXLVII) the 0-oxide of 
pregnenolone has not as yet been described although the ^-Kixide of cholesterol 
3(tf)hydraxy-5 6*oxidocoprostane is Icnown The oxidodenvative obtained by 
Ehienstein and Decker (47) on permanganate oxidation of pregnenol 3(0) one 20 3* 
mouoacetate (IV) may possibly be the 0Hmde form but this remains to be established 
Dr Ehrenstem and the reviewer concur in the revised atenc formulations of the 
pregnenolone reaction products described m Chart 12 

“ The configuration of the 5 hydroxyl group, which is a is abeady indicated by the 
term allo the designation a may therefore be omitted 

** 6 Ketoprogesterone (CIII) has recently been prepared by converting pregnane 
tnone-3 6 20 (CVI) (denved from hyodesoxyidiohc acid) to the 4 bromo derivative 
and debrominatmg the latter in boihi^ pyndme (MoCett et al 88) 
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with dry hydrochloric acid in chloroform solution, it undergoes dehydra- 
tion to yield 6(^)-acetoxyprogesterone (CII), a substance which is 
active at a 3-mg. dose level in the Comer-Alien test (progesterone is 
active at a 1-mg. dose le\el). It was not possible to obtain 603)-hy- 
droxyprogesterone from its acetyl derivative, CII; apparently the free 
compound, CIV, is transformed, during the course of alkaline hydrolysis, 
to allopregnanetrione-3,6,20 (CV). CV was also obtained from hyo- 
desoxycholic acid by Moffett et al (165), who observed that pregnane- 
trione-3,6,20 (CVI) undergoes rearrangement to CV under the influence 
of mineral acids or alkah Reichstein and Fuchs (182) replaced, by 
indirect methods, the hydroxyl group on carbon 21 in corticosterone 


CHART 12 


The Partial Stkthesis op 6 Keto-Prooesterone (CIII) and op 6(^)-Acetoxt- 
Proocstbrove (CII) 

(EbiemVuo et at ) (MoSeU et at ) 
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Pregnanetnoae- 
3 6 20 


(LXLa) (progestationally inactne in the Clauberg test) to obtain 
ll-hydroxyprogesterone, CVII, the latter compound possesses bttle or 
no progestational activity or, at any rate, les than one sixth the actmt^ 
of progesterone in the Clauberg test and less than one tenth the actmtj 
in. tke WcGint^ intrauterine test These authors C1S2) also prepared 
ll-ketoprogesterone (CVIIa) from CVII, CVIIa ivas not tested for 
biological activity, hoiiever Hegner and Reichstem (80) subsequently 
prepared CVIIa from pregnanol-12(of)-dione-3,20, a substance nhich ivas 
denved from desoxj cholic acid (XVI) Frhart and co-workers (57) 
descnbed the preparation of 12(a)-hydroxyprogesterone (C\'LIb) from 
desoxycholic acid (XVI), the substance was found to be lacking in 
physiological activity Ehrenstein and Stevens (49) converted preg- 
nanetnol-3(a),7(a),12(a)-one-20 (a substance first prepared by Morsman 



442 


WILLIAM H. PEARLMAN 


et al., 166, from cholic acid) to the diacetate of 7(a),12(a)-dihydroxyprog- 
esterone (CVTIc) ; the latter preparation was an impure one, ho^v ever, and 
no biological tests were reported. The adrenal cortical substance, 


CHART 13 
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evil R=OH, R', R", R"'=H . Il-Hydroiyprogesierone 
OVIIa R“(X R'. Rj R"'®=H : ll-Ketoprogesterone 
CVIIb R'=OH,R, R", R"'==H : 12-Hytlrozyprogesterone 
CVIIc R', R"=^H, R, R"'=H 7,12-Dihydroiyprogesterone 
CVIId R"'=OH, R, R', R"=H 17(W*Hydroxyprogesleronc 
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Stavely's Proge«tatioDally Active Substance 



CXV R=CHi 21 Methylprogesterone 
CXVa R=CjHi, 21 Ethylprogesterone 


CXVI R — CH, R"=H, 17-Methyl- 
prqgesterone 

CXVIa R'=H,R"=CH,, etc, 16-Alkyl 
progesterone 
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Testosterone 


CHO 
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20-NorprogesteroDe 
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(17 ethinyl A«-aadre8tenoH7-one 8) 
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17(/3)-hydroxyprogesterone (CVIId) lacks progestational activity (Pffif- 
ner and North, 177) On the other hand, 21-hydroxyprogesterone (or 
desoxycorticosterone, LXL) has a progestational potency comparable 
with that of progesterone (V) m the adrenalectomized cat, according to 
Leathern and Crafts (102), Van Heuverswyn et al (216) had previously 
called attention to the fact that this adrenal cortical compound exerts a 
progestational effect Kuizenga et al (101) report that desoxycorti- 
costerone (LXL) is about one tenth potent as progesterone (V) in the 
Comer-Alien test 
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2 Unsaluraied Demabtes of Progeslerone 

Wettstem (226) prepared 6-dehydroprogesterone (CVIII) and found 
that it possessed approximatelj one half the biological activity of prog- 
esterone (V) CVIII w as obtained by oxidi 2 ing A‘-pregnenol-3 (i3)-one-20 

(IV) by a modified Oppenauer procedure m which qmnone was used as 
the hjdrogen acceptor, ordinarily acetone or cyclohexanone is emplojed 
as hydrogen acceptor in the reaction which results in the formation of 
progesterone (V) (see above) 

Hegner and Reichstem (79) subjected the benzoyl denvati\e of 
CVIIb to thermal degradation and obtained ll-dehjdroprogesterone 
(CIX) , It possesses at least one half the biological activity of progesterone 
in the Clauberg test Shoppee and Reichstem (202) had previously pre- 
pared O-dehydroprogesterone (CX) by h>drochlonc acid treatment of 
evil, CX was found to be highly active In contrast, the 16-debydro- 
progesterone (XLV) first prepared by Butenandt and Schmidt-lhom4 

(32) is biologically inactive, it was synthesized from dehydroisoandros- 
terone (III) by the same route as that followed m preparing progesterone 

(V) (see Section I, 6) 

3 Isomers of Prcg€$teTone 

Butenandt et ol (27) prepared A**-aIlopregneDe(lione-3,20 (CXI) from 
androsterone by a route sioiUar to that used m preparing XLV from III 
(Butenandt and Sehmidt-Thom^, 32), CXI is physiologically inactive 
Butenandt and co-workers (24) had previously described the preparation 
of A**-pregnenedione-3,20 (IX) IX was subsequently obtained by 
Marker and Rohrmann (136) by oxidative degradation of sarsasapogemn 

(VI) 

Butenandt el al (26) synthesized A'-allopregcenedione-3,20 (XXXII) 
and found it to be lacking m progestational activity, XXXII was also 
prepared by Marker et al (148) Westphal and Schmidt-Thom6 (65) 
obtained A* pregnenedione-3,20(CXII)”onoxidationof the6,6-dibroimde 
of A‘-pregnenol-3(p)-one-20 (IV) followed by dehalogenation in neutral 
solution This double-bond isomer of progesterone is biologically inac- 
ifye,it css be JOSXTBnged to progeslerojiB fV) under the influfince 

of acids The 17-isoprogesterone (XLIX) desenbed by Butenandt el al 

(33) IS likewise inactive and it, too, can be readily rearranged to proges- 
terone with acid as a catalyst Ncoprogesterone (LVI) was reported 
by Miescher and Kfigi (164) and also by Ruzicka and Meldahl (188) to 
approach progesterone in its biological activity, but Wettstem (226) 

*’ CXII, on partial hydrogenation in alcoholic solution in the presence of Raney 
nickel yields in addition to a’-pregaenol-3(a)-one-20 (IV) the interesting epuner, 
a* pregnenol-3(a)-one-20 (CXIII) (Butenandt and Heusner, 22) 
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claims that LVI is inactive even at a 30-mg dose level On the other 
hand, the substance CXIV, which was prepared by Stavely (207) and 
which like LVI possesses a perhydrochrysene structure, exhibits a slight 
but distinct progestational action CXIV was obtained by chromato- 
graphing A’-pregnenediol-303),17(a)-one-20 o\er alumina (i\ hereupon 
nng D underwent enlargement to a six-membered nng) and oxidation 
of the rearrangement product to the corresponding unsaturated 
ketone 

4 Homologs of Progesterone and Other Progesterone like Compounds 

Wettstein (227) prepared a number of side chain homologs of proges- 
terone (V) , some degree of progestational activity is exhibited by 21- 
methylprogesterone (CXV), but 21-ethylprogesterone (CXVa) and 
17-m6thylprogesterone (CXVI) are biologically inactive ** Plattner 
and Schreck (180) descnbed the synthesis of the progesterone homolog 
CXVII and found it to be biologically inactive Miescher et al (86) 
submitted A*-pregnenedioI-20,21-one-3 to periodic acid oxidation and 
obtained 20 norprogeaterone (CXVIII), CXVIII exhibits a slight 
progestational activity m the rabbit Ehrenstem (46) degraded stroph- 
anthidin m order to obtain lO-norprogesterone (CXIX), in about 0 07% 
yield, as a noncrystallme product which may be a mixture of stereo- 
isomers, CXIX differs from progesterone (V) in that it lacks the angular 
methyl group between rings A and B (the spatial relationship of these 
rings m CXIX is not knou-n) It is very mierestmg that 10-norproges- 
terone is physiologically as active as progesterone, perhaps even more so 

Inhoffenctof (92) and also Ruzicka ct of (187) prepared 17-ethinyI- 
A*-androstenol-17-one-3 (CXX) (also designated pregnenmol-17-one- 
3, 17-ethiDyItestosterone, or more loosely as anhydrohydroxyproges- 
terone) by Oppenauer oxidation of 17-ethinyI-A*-androstenediol-3,17 
(XLIII) CXX possesses a high degree of proge^^tational activity, e g , 
a 2-mg dose of CXX is as effective as 0 6 mg progesterone (V) when 
injected subcutaneously in the rabbit in the Corner-AUen test Even 
more astomshing is the observation that a 4-mg dose of CXX is physio- 
logically effective when given to the rabbit by the oral route in view of 
the fact that progesterone (V) is ineffective by this route These 
biological findings have been confirmed by other investigators (Emmens 
and Parkes, 51, Salmon and Salmon, 193, etc) Other products which 
may be derived from dehydroisoandrosterone (III) and vhich elicit 
typical progestational proliferation of the endometnum are testosterone 
(CXXI), which has a weak progestational action, and 17-methyltestos- 

'* Marker and Crooks (111) have descnbed the preparation of IS-alkylprogeaterone 
homologs (CXVIa), but biological tests were not reported 
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terone (CXXII), which has about one seventh the biological potency 
of progesterone (V) (cited by Ruzicka and Rosenberg 191) Selye 
(200) has listed the relative luteoid (progestational) potencj of a number 
of steroids 

5 Chemical Structure and Biological Actiiity 
At one time, it was believed that progesterone possessed a high degree 
of biological specificity, but it appears from the foregoing discussion that 
this substance may undergo considerable chemical revision and never- 
theless retain an appreciable degree of biological activity It is essential, 
however, that a 3 keto-A^ structure (or its enol acetate) remain It is 
conceivable that simple nonsteroid substances may yet be sjnthesized 
which mil possess progestational activity Schueler (197) suggested 
that those compounds ivhich contain a saturated or partially saturated 
nucleus of the stilbene type may possess progesterone-like properties 
Prevnously, Brownlee, and Duffin (14) reported the preparation of 
progestationally active compounds ahich contain the diethylstilbestrol 
carbon skeleton and have the group — COCHi in either or both of the 
benzene nngs 

n. Metabolism of Progesterone 
A ISOLATIOK OF PnOOESTERONB AND RELATED Csi STEROIDS 
Progesterone and allopregnaRoI-303)one-2O have been isolated from 
extracts of corpora lutea and of the adrenal glands (see Table III) It is 
curious that extracts of hog testes have jneldcd alIopregnanol-309) one-20 
and A* pregnenol-3(^) one-20 m addition to androgenic substances 
(Ruzicka and Prelog, 190) Allopregnanol 3{^) one-20 and a host of 
other reduction products of progesterone (but not progesterone) have 
been isolated principally from unnaiy sources (see Table III) These 
findings provide much ground for conjecture as to the metabolic relation- 
ships of the steroids isolated since many of these compounds represent 
almost every conceivable stage in the chemical hydrogenation of pro- 
gesterone 

B Some Uncommon Ch Steroids or Pregnant Mare Urine 
Marker and co-workers (Table IV) have isolated from the unne of 
pregnant mares a number of highly interesting pregnane derivatives 
which are difficult to relate to progesterone metabolism, but which may 
be products of placental ongin, these are uranetnol 3(a), 11, 20, urane- 
diol-3(/3),ll and uranol 11 one-S One of the distinguishing features of 
these compounds is the presence of an oxygen atom at position 11, a 
feature charactenstic of most of the steroids isolated from the extracts 
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TABLE III 


Isolation or Proqesterone and Related Cti Steroids 


Steroid 

Formula 

no 

Source 


9 Investigator 

Pregnenediones 





A*-Pregneiiedione-3|2( 

) V 

Corpus luteum 


. Butenandt (16) 

(progesterone) 



Sow 

Siottaefaf (203) 

Allen and Winter* 





sterner (4), Winter* 
ateiner and Allen 





(231) 

Hartmann and Wett- 





stein (73) 



Adrenals 

Ox 

Beall (9) 

Beall and Reichsteui 





(10) 

Pregnanediones 





PregnAnedione-3,20 

Allopregnaaedioae'3,- 

xxvm 

Pregnancy urine 

Mare 

Marker ef of (132) 

20 

XXX 




Pregnenolonea 





A*-Pregnenol-3(fl)- 

IV 

Teatis 

Hog 

Rueicka and Frelog 

OQe-20 




(190) 

Pregnanolones 





Pregnanol-S (a)otie-20 

LVIII 

Pregnancy ume 

Man 

Marker and Xanun 
(120) 

Peartman and Pincus 





1 (173) 




Sow 

Marker and Eohr- 
1 xnann (135) 

AlIopregnanal*3(a)- 





aDe'20 

CXXXI 

Pr^nancy urine 

M iin 

Marker el td (124) 

Allopregnanol>3(^) 

LXII 

Corpus luteum 

Sow 

Butenandt, and West- 

one 20 




pbat (35) 

Slottaefol (203) 




Sow 

Winterstemer and 





Allen (231) 




Sow 

Hartmann and Wett- 
stein (73) 



Adrenals 

Beef 

Beall (9), Beall and 
Reichstcm (10) 



Pregnancy urme 


Pearlman ei al (1V6) 





Marker el <d (132) 

Heard and McKay 





(78) 




Sow 

Marker and Rohr* 
mann (135) 



Testis 

Hog ; 

Rueieka and Prelog 

1 



(190) 
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TABLE 1X1 (Conlmurf) 


Steroid 

Formula 

no 

Source 

Speiies 

Investigator 

Pregnenediols 





A‘-Prcgnenediol 

LXLIV 

Pregnancy urine 

Mare 

Marker and Rohr* 

20(a) 


Unne adrenal 

A boy 

msnii (133) 
Hirschmann and 



tumor 

A girl 

Hirscbmann (84) 
SebtUer el of (195) 

Pregnaoediols 



Man 


Pregnancdiol-SCa), 

20(a) 

XI 

Pregnancy urine 

Manian (151) 
Butenandt (15) 

Fisbel of ( 61 ) 


Chun* 




panxee 

Cow 

Marker (107) 




Mare 

Marker el aJ (121) 



Nonorefnanev 

Man 

Vennmg and Browne 



urine 


(219) 

Marker el al (HO) 



Nonprcgnancy 

Mao 

Emchmann (81) 



unoe (ovanec* 
tomy) 

Adult male urine 

Man 

Engel el aJ (52) 




BuU 

Marker c( at (149) 



Unne* adrenal 

Man 

Mason and Kepler 



tumor and by* 
perplasia 


(155) (and others) 

Pregnanediol 3(d)t 

CXXIII 

Unne adrenal 

Man 

Mason and Kepler 

20(a)* 


tumor and by* 
perplasia 


(155) 

AllopreEDanedioI 3(<>), 

LXIV 

I^gnancy urine 

Man 

Hartmann and Locher 

20(a) 




(72) 



Cow 

Marker (107) 




Mate 

Marker el of (121) 



Nonprcgnancy 

Man 

Marker el al (149) 



unne 

Adult male urine 

Bull 


Allopregnanediol* 

3(P), 20(a) 

LXV 

Pregnancy unne 

M.O 

Marker and Robr* 
mann, (1S4) 



, Cow 

Marker (107) 




M Rrp 

Marker and Robr* 





mann (134) 



Adult male urine 

BuU 

Marker Hof (149) 

Allopregnanediol 





3(p),20(fi) 

LXIII 

Bile 

Ox 

Pearlman (172) 

Pregnanol-3(a) 

cxxiv : 

FregosDcy urine 

Man 

Marker and Lawson 




fl30) 


• The urmary content of pregnsnedjoI-3(a)^(a) in cases of adrenal hyperplasia 
smd tumor is considerably above normal valuea * Tentative identification 
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of the adrenal cortex The urane compounds are peculiar m that the 
hydrogen atom on carbon 9 is considered to ha\ e a spatial configuration 
opposite to that of the naturally occurring steroids There is indirect 
evidence, Tvhich is by no means conclusive, that the configuration of rings 
A and B in the urane products corresponds to that in «s-decalm, t e , 
the urane compounds may be 9-i3opregnane denvatives 

Maman, Marker, and respective co-workers isolated from pregnant 
mare urine allopregnanetnol-3(o),16,20 (pregnanetnol B) (Table IV) 
TABLE IV 


Sous Uncomsiov Cji Steroids Isolated fbou Preovant Mabe Urine 


Steroid 

Formula 

Investigator 

AUopregnanetriol 3(a), 16, 20 (pregnanetnol B) 

CXXV 

Smith el al (204) 
Ilsslewood el al (75) 
Marker rffll (122) 

Uranetriol 3(«),ll,20‘ 

CXXVI 

Marker etol (122,125) 

Uranediol 3(fl).U 

CXXVII 

Marker rial (141) 

Uranol ll-one-S 

Compound Z, allopregQCnoI-3(^)^ne-20 

CXXVllI 

Marker rl of (132) 

(identification tentative) 

Compound Y (possibly identical with uranediol- 

CXXIX 

Klyne and Maman (96) 

3(^1), 11) 


Klyne, (97) 


* This compound probably occurs in buman pregnancy unns since high vacuum 
distillation of the oxidued neutral ketonic fraction yielded uianetrione (Marker, 60} 


The structural formula first assigned to this substance has undergone 
considerable revision at the hands of the investigators who fiist isolated 
this substance (Smith ef ai , 204, Haslewood et al , 75, Odell and Maman, 
170, and Marker et al , 128) The structure finally assigned to preg- 
nanetnol B by Marker et al (147,144) is indicated by CXXV (Chart 14) 
Quite recently lOyne and hlamaa (98) isolated from pregnant mare 
unne compound Z, a substance which may be identical with A‘'-allo- 
pregnenol-3(^)'One-3 Compound Y was also isolated from the same 
source by Klyne (97) , it may possibly be identical with the uranediol 
3(^),11 obtamed by Marker cf of (141) 

C Detection op Psocestationally Active Material in Boot 
Tissues and Fluids 

It IS an astomshing fact that whereas the orgamsm may excrete, 
relatively speakmg, prodigious amounts of pregnane deniatives, the 
presence of progesterone or of progestationally active matenal can hardly 
be detected m the blood or unne Kven the demonstration of progestin 
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actuity m extracts of the corpus luteum** and of the placenta is not 
attended without difficulty and oftennsnot negati^eresultsareobtained 
CHART 14 



CXXV CXXVI 

Pregnanetnol B or Prcgna&etriol A or 

Alloptegnanetriol 3(a) 16 20 uraoetriol 3(a) 11 20 



cxxvn cxxvm 

Uraned ol 3(P) 11 Uranol lI*one*3 

' Oae kg of corpus luteum tissue of the sow contains approximately 30'50 rabbit 
units (Allen 1} 
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HO 

CXXXI 

Allopregnaaol 3(a)<one-20 



CH, 

H(! OH 
I 



Sodium prognanediol 3(a) 20(a) 
glueuro&idate 


The high requirement and the small quantity of progestin found m body 
tissues suggest continuous production and almost immediate utilization 
of progesterone (12) 

Loewe and Voss (103) demonstrated the presence of only one Corner 
Allen unit in 20 I human pregnancy urine, one may expect to find as 
much as 1 g pregnanediol 3(a),20(a) in an equivalent volume of late 
pregnancy unne Erhardt and Hagena (56) found no progestin in the 
urine of two women receiving 30 and 50 Clauberg umts of progesterone 
by injection Hamblen et al (69) made similar observations Clauberg 
et al (41) failed to demonstrate progestin m 335 ml human blood (men 
strual or circulating) Bloch (12) found less than 1 Comer Allen rabbit 
umt of progestin in 8 and 12 1 sow blood (but neither the stage of the 
oestrus cycle nor the possibihty of pregnancy in these animals was 
known) Bloch also found that the total circulating blood of a pregnant 
rabbit contains less than 1 rabbit umt of progestin, the progestin assay 
of the circulating blood of pregnant women gave negative results fas 
much as 500 ml blood was tested) Haskins (74), employing the sensi- 
tive intrauterme techmque devised by McGmty et al , detected the 
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presence of progestationally acti\e maten^ m the serum of pregnant 
women m amounts equivalent to about 0 13 *ig progesterone/ml serum 
De Allende (43) found the progesterone content/ml blood of a Macacus 
rhesus monkey to varj between a moMmum of 0 25 to 2 5 pg and a 
mimmum of 0 06 to 0 12 jig during a complete menstrual 03 cle 

D Probable Sites op Progesterone Elaboration Corpus Luteuvi, 
Placenta, and Adrenal Cortex 

Pnma facte evidence for the elaboration of progesterone m the corpus 
luteum and in the adrenal cortex is the actual isolation of progesterone 
from extracts of these organs (see Table III) Progesterone has not as 
yet been isolated from extracts of the placenta but there is reason (tide 
tnfra) to believe that this organ is responsible for the elaboration of 
progestationally active material Mazer and Goldstein (157) detected 
progestin in the placenta of a six month pregnant woman The presence 
of progestin in early as w ell as full term placentas has been demonstrated 
by some investigators, but others have often obtained negative results ** 
Smith and Ixeonard (205) detected progestin m full term placentas in 
several instances Apparent^ the quantity of progestationally active 
material m extracts of the human placenta is very small, there seems to 
be an absence of progestin in the placenta of slaughtered cattle (Mazer 
and Goldstein, 157) It cannot be assumed that the progestationally 
active material of placental extracts is due to progesterone because the 
progesterone molecule does not possess the high degree of biological 
activity as was at one time believed (see Section I, C, 5) It would be 
very desirable therefore to isolate and identify the progestm prmciple of 
placental extracts With regard to the progestational activity exhibited 
by extracts of the adrenal cortex, progesterone and desoxycorticosterone 
are contributing factors since both substances have been isolated from 
this source, desoxycorticosterone is weaker, however, than progesterone 
m its biological (progestm) potency (see Section I, C, 5) 

E Relative Importance of the Endocrine Organs in Progesterone 
Elaboration 

Although progesterone is not the sole metaboUc source of pregnane- 
diol-3(a), 20(a) (see Section 11, F), the rate of excretion of the latter 
substance may serve as an excellent index of the rate of progesterone 
elaboration and metabolism especially if such studies arc correlated with 
the formation, changes in histological picture, etc of certain glandular 

” For citation of bterature references *ee Bloch (12) Failure to detect progestin 
in tissue extracts may be due to the locomplete removal of estrogens from these 
extracts the estrogens inhibit progestm in its biological effects (Allen and Meyer, 2) 
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organs, e g , the corpus luteum Thus it appears that in women with 
normal menstrual cycles, the corpus luteum is the major source of pro- 
gesterone ** During pregnancy, the placenta appears to be major source 
of progesterone especially in the later stages of gestation The adrenal 
cortex probably contnbutes to a small extent to the pool of pregnanediol- 
3(a), 20(o) since desoxycorticosterone as well as progesterone serve as 
metabohc sources of pregnanediol (Table V) In cases of adrenal cortical 
hyperplasia (Salmon et of , 192, Anderson el al , 5, Hirschmann, 83, 
Mason and Kepler, 155) and of adrenal cortical tumor (Butler and 
Marrian, 38, Mason and Kepler, 165), the urinary excretion of preg- 
nanediol-3(a), 20(a) (as well as that of other steroids) maybe considerably 
ele'v ated above normal 


TABLE V 

Estasushed Metabolic Pbccursors or Preonakediol-SCo), 20(a) 


Metabolic precursor 


Expenmeotal subject 


Progesterone (V) 


Desoxycorticosterone (LXL) 


Cholesterol (I) 

A‘ Prcgnenol 3(j3)one-20 (IV) 


Women 

A bystereetomued 

woman 

Hysterectomised 

patients 

Rabbits 

(Intact and ovanectom- 
ixed hysterectomised) 
(Intact and castrated 
male) 

A man 
Rabbit 

Ovariectomised chim- I 
panzee I 

Ovariectomued cliim 
panzee, male patients 
(hypogonadal) , male 
and female patients 
(Addison’s disease) 

A pregnant woman 
Men, a postmenopausal 
woman, rabbits 


Buxton and WestphsI (40) 
Hamblen rf of (71) 
Vemung and Browne (219) 
Muller (167) 

Buxton (39) 

Vemung and Browne (220) 
Jones and Te Linde (93) 
Heard tt al (76) 

BoSman and Browne (88) 

Hoffman (87) 

Cuyler el al (42) 

^estphal (223) 

Hoffman ti al (89) 

Fish et al (62) 

IHorwitt el oL 


Bloch (II) 

Pearlmanand Pmcus (174) 


*' For a more extensive treatment of this and closely related subjects, see review 
articles by Hoffman (87) and by Fmcos and Pearlman (176) 
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The precise role of the testis m pregnanediol formation remains to he 
detenmned In sharp contrast to the adult males of most species, the 
bull CNcretes relatnely enormous quantities of pregnanediol-3(a),20(o) 
(Marker, 108), the unne of st^rs is lacking m this steroid Most 
pertment to these obser\ ations is the recent findmg that A* pregnenol 
3(d)-one-20, a possible metabohc precursor of progesterone, occurs in 
extracts of hog testis (Table III, page 448) It is concenable that the 
testis elaborates pregnenolone and that its coniersion to progesterone 
occurs m the adrenal cortex 

F Established pATHnATs in the Metabolism op Progesterone 
AND Related C*i Steroids 

Progesterone, desoxj corticosterone, and A*-pregnenol-3(d)-one-20 
(all of rvhich occur in the organism, see Table III) are defimtely knowm 
to undergo metabohc transformation into pregnanediol 3(a), 20(a) No 
product other than pregnanediol-3(a),20(a) has been isolated m metabo- 
lism studies** (Table V) m nhich the three above-mentioned steroids 
irere administered m massive doses, not even after the oral administra- 
tion of as much as 5 g progesterone to two women (\'enning, 217) This 
IS most surpnsmg in viewof the fact that pregnanolones and stereoisomers 
of pregnanediol (Table III) are excreted during pregnancy, a period 
during which the rate of progesterone elaboration is generally behexed 
to be at a very high level 

Of great fundamental importance is the recent finding by Bloch (11) 
that cholesterol can serve as a metabohc source of pregnanediol-3(a),- 
20(a) This mxestigator administered deutenum-contaming cholesterol 
to a woman m the eighth month of pregnanej , pregnanediol-3(a), 20(a) 
was isolated from the unne as the sodium glucuromdate On the basis 
of the isotope concentration of the urmary pregnanediol and of the blood 
cholesterol, it was estimated that one half to two thirds of the pregnane- 
diol excreted arose by the degradation of cholesterol It was suggested 
that the direct conversion of cholesterol to progesterone is a normal 
process 

As an aid to apprehending the chemical mechanisms involved m the 
metabohsm of progesterone m mammals, expenraents earned out with 

*• It may be of some interest to mention that pregneninolone (CXX) (anhydro- 
hydroxyprogeslerone), which is biologically active when administered orally, is not 
conveiV^ to pregnaTvediol glncnronide (Hamblen et ol , 70) Prenonsly Allen <l ot, 
(3) reported the excretion of sodium pr^nanediol glucuromdate m the unne following 
the oral administration of anhydrobydKwyprogesterone (CXX) to patients these 
investigators conceded, however, that the product they bad isolated required chemical 
mvestigation. 
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bactena and yeast may be of considerable value Mamoli et al (106) 
found that the reduction of progesterone to pregnanedione-3 20“ could 
be effected by a Bacillus putrefacius (yeast water or brei) Mamoli 
(105) observed that A* pregnenol 3(^) one 20 %va3 transformed on 
incubation with yeast (bacteria^) to progesterone This transforms 
tion IS of special interest in that it involves a shi/t of the 5 6 double bond 
to the 4 5 position simultaneous with the oxidation of the 3 hydroxyl 
group (c/ Oppenauer oxidation) Similar oxidation of 2(/3) hydroxy 
A® steroids other than those belonging to the Cn series can be effected 
by various microorganisms** in some instances pure cultures of bactena 
have been utilized eg species of Proacimontyces (Turfitt 213) 

G Conjugation ot Pregnanediol and Related Cn Steroids 

The structure of the pregnanediol glucuromde found in human preg 
nancy urine (Odell and Marrian 169) (Venning and Broivne 218) has 
been completely established in recent years Heard el al (77) acetylated 
the sodium salt of pregnanediol glucuromde and obtained a crystal! ne 
nonacidic acetate apparently a triacetate lactone Mild acid hydrolys s 
of the latter product yielded a relatively large amount of pregnanediol 
3(o) 20(<x) 20-monoace(ate but none of the 3 monoacetate It was 
deduced that conjugal on must exist between the 3 hydroxyl group (and 
not the 20 hydroxyl group) of pregnanediol and the glucosidic hydroxyl 
group of the uronic acid Very shortly afterward Huebner et al (91) 
achieved the partial synthesis of the 3 glucuromde of pregnanediol 
3(a) 20(o) and established its identity with the urinary product Thus 
it IS pos tively established that the carbohydrate component of the 
pregnanediol complex is d glucuronic acid and that the configuration of 
the glucosidic 1 nkage is 0 The structural formula of sodium pregnane- 
diol glucuronidate is indicated by CXXX 

Pregnanediol (3) 20(a) is not the only Cji steroid excreted as a 
uromc acid complex Maman and Gough (153) ha\ e shown that sodium 
pregnanediol glucuromdate prepared by current procedures from human 
pregnancy urine contains about 20% of a water soluble derivative of 
pregnanol 3(o) one-20 as an impurity This substance believed to be 
sodium pregnanol 3(a) one 20 glucuromdate has been isolated in a some- 
what impure state (Sutherland and Marnan 211) with the aid of G rard s 
reagent T Mason and Kepler (155) have recently adduced evidence 

’ The excret on of pregnaned ol in the fecea of rabb ts follow ng the oral adm ms 
tration of progesterone (Hoffman and Browne 88) m ght result from the act on o 
bacter a in the gastro ntest nal tract pregnanedione 3 20 m ght be formed a* an 
intermedate 

* For a recent review of phytodiem cal transformat ona of the steroids see Pincu* 
andPearlman (176) 
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that the pregnanetriol-3(a),17,20, first isolated by Butler and Marnan 
(38) from the urine of women with adrenal hyperplasia, occurs as the 
glucuronide 

Marnan (152) has pointed out that the widespread occurrence in 
animal tissues of glucuronidase/’ an enzyme specific for the hydrolysis 
of 0 glucuromdes, is of considerable interest in view of the important role 
of glucurome acid conjugation m “detoxication” and in steroid metab- 
olism Fishman (63) has furnished evidence for the role of 0 glucuroni- 
dase as a catalyst in the synthesis of glucuromdes, he proposes that 
formation of glucuromdes of piegnanediol (and estnol) be regarded as one 
of the processes of “metabolic conjugation” rather than one exclusively 
of the process of “detoxication ” The site of conjugation of pregnanediol 
with glucuromc acid is not known but it is generally believed to be the 
Lver 

Certain of the C« steroids excreted in pregnancy unne may exist 
also as sulfuric acid esters Ivlyne (97) and KJyne and Marnan (98) 
reported the isolation, from the urine of pregnant mares, of the sulfuric 
acid esters of compounds Y and Z (see Table IV for the possible struc* 
ture of these Cji compounds) 

Although pregnanediol*3(a), 20(a) is found in human urines and in the 
unne of the chimpanzee, cow, bull, and mare (Table HI, page 448), 
pregnanediol glucuronide has been isolated only from human unne and 
from the unne of rabbits (after progesterone administration) (Hofiman, 
87) The following attempts to isolate the complex from the unne of 
other species have been unsuccessful*' (a) Westpbsl and Buxton (224), 
from normal and pregnant rabbits, normal and pregnant cats and from 
monkeys (after progesterone administration), (6) Fish et al (61) (unpub- 
hshed observations), from gumea pigs (after administration of proges- 
terone and of sodium pregnanediol glucuromdate) , (c) Elder (50) from 
pregnant chimpanzee, (d) Stnckler el al (210), from the bull 

H Site of Prooestbbonb Catabolism 

On the basis of studies earned out on normal men and women, 
hysterectomized women, mtact and ovanectomized-hysterectomized 
rabbits, and intact and castrated male rabbits (Table V, page 454), it 
appears that the uterus, corpus luteum, and testis are not essential for 
the conversion of progesterone to pregiianediol-3(o), 20(a) This state- 
ment should not be interpreted to mean that these organs do not partici- 
pate m progesterone metabolism, but rather that the site of pregnanediol 

“ The isolation of the pregnanediol complex fram animal sources appears to be 
attended with difficulty since first attempts by Heard et td (76} to isolate the complex 
from rabbit unne were unsuccessful due to the presence of impurities 
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formation is not confined to these organs It is not known whether 
or not the transformation of progesterone to pregnanediol can occur m 
the adrenalectoraized animal and so it is not possible to evaluate at the 
present time the role of the adrenal cortex m this regard There is, on 
the other hand, indirect evidence that the metabohc conversion of 
progesterone to pregnanediol or to some other biologically mactive sub- 
stance may occur in nonendocnne organs of the body, particularly m the 
li\er For example, Engel (54) injected progesterone into infantile 
rabbits (m the Clauberg test) by the subcutaneous route and by mjec- 
tion mto the portal vein, the progestational activity of progesterone 
apphed intraportally was inferior in low amoimts (0 5 or 1 mg ) but doses 
above 2 mg were fully active Mussio-Fourmer el al (168) found that 
progesterone injected into the hver or spleen of rabbits was less effective 
in inducmg progestational changes than when injected subcutaneously, 
Fels and Monaco (58) were not able to confirm these results, however, 
Kochakian et al (99) carried out experiments which indicate that the 
liver may be an important site for the metabohsm of progesterone 
These investigators implanted pellets of progesterone subcutaneously, m 
the muscle, in a fold of the mesentery (drainage to the liver), and m 
the kidney of female rabbits Although as much as 20 mg of proge^ 
terone was absorbed from the pellet implanted m the mesentery, no endO' 
metnal reaction was observed, only 2 6 mg progesterone was absorbed 
from the pellet implanted m the muscle, yet a strongly positive endo- 
metrial response was observed The kidney as well as the liver may be 
involved in the biological inactivation of progesterone but the kidney 
to a much lesser extent Selye el al (199) observed that the anesthetic 
action of orally admimstered progesterone is greatly enhanced by partial 
hepatectomy The recent work of Masson and Hoffman (156) also 
points strongly to the hver as a major site for the biological mactivation 
of progesterone These mvestigatore found that as much as 200 mg 
progesterone had to be given by gavage to adult rabbits to obtain an 
endometnal prohferation comparable to that obtained m the partially* 
hepatectomized ammal with 25 mg Destruction of progesterone m, 
or its poor absorption from, the gastrointestmal tract does not appew 
to be a hkely explanation’* of the ineffectiveness of the orally administered 
progesterone smce as much pregnanediol appeared in the urme of rabbits 
following the oral admimstration of progesterone as when the same dose 
was given subcutaneously (Hoffman, 1944, unpubhshed observations) 

*• This factor cannot be entirely disregarded in view of the report by Hoffman 
Browne (88) that only those rabbits receiving progesterone orally excrete pregnanediol 
in the feces the extent of conversion is about 7 % 
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It IS assumed that the progesterone absoAed from the gastrointestinal 
tract must pass directly through the Uver before reaching the uterus 
As further indirect evndence for the role of the liver in the metabolism 
of progesterone (or of closely related C*i steroids), one may cite the 
observation by Pearlman and Pincus (174) that pregnanedioI-3(a), 20(a) 
IS excreted in the bile of a postmenopausal woman following the oral 
administration of A*-pregnenol-3(fl) one*20, a hypothetical metabolic 
precursor of progesterone Pertinent also is the recent isolation of allo- 
pregnanediol-3(j9),20(^) from normal ox bile (Pearlman, 172) 

The abo\e-cited e\ndence notwithstandmg, it remains to be proved 
that the chief site of progesterone metabolism is indeed in the liver 
According to the observ atvons of Zondek (233) (confirmed by Engel, 53) 
the Uver does not mactivate progesterone in inlro 

I Some Unsolved Problems in Progesterone Metabolism 

From the foregoing presentation, it is apparent that the metabolism of 
progesterone is intimately hnked with the metabohsm of cholesterol*^ 
and with that of other steroid hormones It is perhaps equally apparent 
that there are many gaps in our knowledge of this subject Thus there 
remain to be determined the various metabohe routes which are followed 
m the course of formation of pregnanediol from the steroids listed in 
Table V For example, mth respect to the tn wio conversion of choles 
terol to pregnanediol, it is a matter of conjecture as to whether the side 
chain of cholesterol is degraded to jueld pregnenol-3(j9) one*20 and the 
latter substance converted to pregnanediol \ua progesterone ^Vhat are 
the metabohe routes involved m the conversion of progesterone to 
pregnanediol? Is progesterone first converted to pregnanedione-3,20, 
then to pregnanol 3(a) one-20, and finally to pregnanediol? IVhat of 
the numerous Cji steroids hsted in Tables III and IV? How are these 
substances to be related to the metabohsm of progesterone? Venmng 
(217) posed the mteresting question of whether progesterone gives nse to 
both pregnanediol and pregnanolone dunng pregnancy, or whether the 
pregnanolones are derived from the metabohsm of the adrenal substances 
Is progesterone converted to any extent to 17 ketosteroids? This 
question has been discussed previously (Pmeus and Pearlman 176), 
there does not appear to be convincing evidence that such a transforma- 
tion actually occurs It might be pertment to mention that Longwell 
and Gassner (104) have recently reported that the amount of androgemc 
matenal excreted m the feces of the cow is considerably increased dunng 
The recent preparation of rsdioscttve cholratenone containing C“ in nng A 
(Turner 214) may be a factor of considerableimportaocem advancing our knowledge 
regarding the metabolism of cholesterol aod of progesterone 
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pregnancy The androgenic principle has not as yet been isolated The 
formation of androgens during pregnancy may be a process independent 
of that involved in the elaboration of progesterone 

Venning (217) noticed that there is a high excretion of corticoid sub- 
stances in the urine during human pregnancy, an increased activity of 
the adrenal glands was postulated It is sigmficant that Marker (Table 
III) had previously demonstrated the excretion of 11-oxygenated steroids 
m the unne of pregnant women and of pregnant cows Are these sub- 
stances formed in the placenta or in the adrenal cortex’ One also 
wondere whether progesterone may not be an immediate metabolic 
precursor of desoxycorticosterone and of other adrenal cortical steroids 
m view of their close structural resemblance 
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I. Sources of Androgens 

As a result of detailed mvestigationa mvolving sometimes delicate 
bioassay methods, sometimes careful clinical observations, and some- 
times histological and eytological studies, it has now been estabhshed 
that androgens are produced m at least three tissues and probably m a 
fourth Well defined pure substances possessing androgemc activity 
have been isolated and identified from testicular and adrenal tissue 
Although no pure androgen has been isolated from ovarian tissue, the 
physiological evidence of its production there seems convmcing The 
placenta may elaborate androgenic material, but the evidence at the pres- 
ent moment seems indecisive 


A Testis 

The earliest investigators were able to relate the physiological influ- 
ences of castration and the loss of a biologically active substance, the 
androgen The first convmcmg demonstration of androgens m testis 
came from the laboratory of Professor Koch, where McGee in 1927 (148) 
demonstrated sadrogeoic mstenal to hpid extracts of bull testis Sub- 
sequent studies, including isolations of pure androgens from testis tissue, 
arc discussed elscnhere m this chapter (see page 4&1) 

Sufficient evidence is at band to prove that the androgemc hormone 
of the testis is produced by the interstitial tissue Thus it is well 
known that, if the seminal epithelium is caused to atrophy w’lthout 
damage to the mterstitial tissue, androgemc material continues to 
be secreted by the modified testis If an animal is made cryptorchid 
(15S) or the testis treated with adequate dosage of X-ra>s (207), such a 
condition is realized Experiments of this sort have been earned out on 
dogs, horses, pigs, guinea pigs, rabbits, and rats vith similar results In 
spite of the destruction of the seminal epitheUum, the accessory gemtal 
organs are preserv ed m a normal functiomog state In one expenment 
extracts of the cryptorchid testis of sivine were demonstrated to contain 
androgemc material when tested on the capon’s comb 

A second line of proof that interstitial tissue rather than seminal 
epithelium is responsible for the elaboration of androgemc matenal is 
found in those expenments m which the interstitial tissue is caused to 
atrophy while the seminal epithelium remains intact When pitch was 
administered to rodents, it was found that the interstitial tissue of the 
testis was damaged with a parallel atrophy of the secondary sex glands, 
in spite of the fact that the seminal epithelium remained normal (9) 
In another report (159), mterstitial damage was produced in rats by 
feedmg the animals a vitamm-B-compIex-deficient diet Again the 
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seminal epithelium remained normal, but the prostate and seminal 
\ esicles atrophied 

Finally, it has been shown that certam interstitial cell tumors of the 
testis in humans produce enormous quantities of androgenic matenal 
In one such case Venning et al (212) have reported a titer of 1015 mg /day 
of 17-ketosteroids, which represents an increase of about 10,000% 
Evidence, therefore, indicates that the source of the androgens in the 
testis IS the interstitial tissue 


B Ovary 

In experiments on fat soluble extracts of sow ovanan tissue, it has 
been shown that such extracts do contain androgenically active material 
(172) This work is reinforced by the striking experiments of Hill 
(106-108), who showed that, if ovanes are transplanted to the ears of 
castrated male mice, androgemc stimulation of the otherwise mvoluting 
accessones is observed Here it is of interest to note that, although 
the ovary normally secretes androgenic matenal, extenonzmg the organ, 
as m transplantation to the ear, increases the rate of synthesis of the 
androgens From the work of HiU it appears that the important factor 
is that of temperature, since ovanes grafted into the abdomen of eas* 
trated males were unable to maintain the accessones In a senes of 
expenments with rats Deanesley (48) confirmed the findings of HiU 

C Adrenal Corte:^ 

Androgens in the adrenal cortex have been demonstrated by the 
direct isolation of androgemc substances from adrenal cortical extracts 
and by the presence of high concentrations of androgenic matenal in 
body fluids m conditions of increased activity of the adrenal cortex, and 
indirectly by the presence of androgenic material m the complete absence 
of the gonads 

Adrenosterone (XXI) (188,189), androstanediol-3C9),ll(P) one-17 
(XXIII) (166), A*-androstenedione-3,l7 (XXII) (215), and IT-'fl”- 
hydroxyprogesterone (XXIV) (177 178) have been isolated from adrenal 
cortical extracts (for formulas, see page 532) All four have been show n 
to possess androgenic activity The possibility still exists that the Ch 
steroids are not present m the gland as such, but rather that they are 
formed dunng the process of working up the extracts On the other 
hand other androgens may be present in the gland which as j et have 
escaped isolation This may be said since no isolations of adrenal corti- 
cal extracts have been earned out with the object of isolating androgens, 
and therefore important glandular androgens may not yet have been 
isolated 



Tii b:ochemistr\ of androgens 


471 


The administration of adrenotrophic extracts to castrated rats 
caused the de\elopment of the prostate and seminal xesicles (47) The 
adrenal cortices i\ere greatly enlarged m these animals The effect v,as 
absent in adrenalectonuzed rata but demonstrable in bypoph> sectomized 
animals These expenments have been confirmed (165) 

Female mice of the strain CE, uhen spayed at one to three days of 
age, develop tumors uhich appear to secrete androgemc matenal as 
evidenced bj the growth and dexelopment of the accessory sex organs 
The same was true for castrated males of the same strain (221,222) 

^lasculimzation as a result of hyperactivity of the adrenal cortex is 
well knowm in women Increases in androgemc matenal in the unne of 
such patients are found In 193G Callow (30) reported the isolation of 
ma'ssu e amounts of the androgen, dehj droisoandrosterone, from the unne 
of a BIX j ear-old girl suffenng from an adrenal cortical cancer Numer 
ous other similar cases in females ha\e been reported and are discussed 
elsewhere (page 513) 

0\ anectomized w omen excrete considerable quantities of androgemc 
matenal (31), and it has been possible to isolate two androgens, andro- 
sterone (I) and dehj droisoandrosterone (III), from the unne of such sub- 
jects m amounts onlj 8lightl> less than that found in the unne of normal 
women (110) 

The castration of w eek-old rats does not arrest the de\ elopment of the 
seminal xesicles and prostate, but instead these organs continue to 
dexelop until the fifth week of life (185) If, however, young rats are 
adrenalectomized and castrated, complete atrophy of the prostate results 
( 11 , 12 ) 

D Placenta 

It has been reported that extracts of human placental tissue contain 
androgemc material (42) Expenments in the author s laboratory have 
not confirmed these findings 

n Isolation of Androgens and Related Compounds 
A Urinary Androgens 

Androgens hax e been studied in the urines of normal indixnduafs as 
well as of those with vanous pathological conditions Human urmes 
contain relatively high concentrations of androgens as compared to other 
species These biologically actixe substances have been demonstrated 
in the unne of men and women as well as children of both sexes In 
addition to these substances, which possess androgemc actinty, a number 
of steroids have been isolated which possess no biological activity, jet 
are chemically closely related to the androgens In some cases these 
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biologically inert substances have been shon n to be denved from andro- 
gemcally active material The metabolic considerations are discussed 
elsewhere (page 517) 

Within a period of two years three laboratories v, ere able to show the 
presence of androgenic material m both normal men’s and women’s 
unne Loe^ie e£ al (128) were able to show that men’s unne contained 
matcnal capable of stimulating the seminal vesicles of castrated mice 
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III 

PtHTDAOISOlNPKOSTeRONC 

Fig 1 — ft-Chlortv-A‘ sDdmstenoQP*!? converted to dehydroisoandrosterone 
Funk and Harrow (86) and Funk, Harrow, and Lejwa (87) also reported 
urinary androgens which could be extracted with fat sohents From 
the Chicago laboratories papers by Womach and Koch (220) and Gallag- 
her and Koch (89) demonstrated that androgens were present m female 
as well ^ male unne 

B Isolation op ANDRoaTEBoNii aho DEHvnBxiian*JS.DEQSTERONE 
Butenandt (17,18) announced the first isolations of crystalline 
material from concentrates of men’s unne which possessed androgenic 
activity In a later group of papers (19,20,25), the presence of an andro- 
gen with the empincal formula CipHjoOt (I) was demonstrated, as well 
as two other substances, CjtHjTOCl (II) and CnHtpO* (III) 

The compound CnHjoOi (I) was named androsterone It proved 
to be saturated since it did not decolonze bromme One oxygen atom 
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was present as a ketone group, since an oxime, a semicarbazone, and a 
phenylbj drazone could be prepared The second oxjgen atom was 
present as a secondary alcohol group, since the compound formed a 
monoacetate, and oxidation with chromic acid yielded a diketone A 
structure A^as assigned to the compound which rias later shown to be 
conect by partial sjTithesis Butenondt and co-workers Tiere able to 
show the relationship among the three substances isolated 

1 he chloro compound CjjHnOCl (II) was found to be physiologically 
inactive That the compound contained an unsaturated grouping was 
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ANMOSTERONE 

Fio 2 — S-Chloro-a'-androsteoone-l? cooTcrted to oedrosterone 

shown by the facts that it decolonzed bromine, gave a yellow color with 
tetramtromethane, and took up one mole of hydrogen when subjected to 
catalytic hydrogenation to form a saturated ketone On treatment of 
the chloro compound with potassium benzoate and benzoic acid the 
compound Ct»H:iO(OOCC#H») (I\) was obtained, which on hydrolysis 
yielded an unsaturated hydroxy ketone CitHtsOx (III) identical with 
the second androgen isolated (Fig 1) Treatment of the unsaturated 
hydroxy-ketone CnHjeOj (III), which was biologically active, with 
hydrochloric acid and heat produced the androgenically inactive chloro 
compound CisHtjOCl (II) Thus it was concluded that the chloro 
compound was probably an artifact and had been formed during the 
course of extraction and isolation 
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C Conversion of Dehydroisoandrosterone to Androsterone 

It still remained to show the structural relationship between andro- 
sterone and dehydroisoandrosterone (III) The chloro denvative was 
subjected to catalytic hydrogenation and the saturated chloro derivative 
was obtained (V) This was treated with potassium acetate and acetic 
acid to form androsterone acetate (VI), which yielded androsterone (I) 
on sapomhcation (Fig 2) 
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Fig 3 —Partial synthesis of debydroisoacdrosterone from cholesterol 

Dehydroisoandrosterone (III) was shown later to have the same 
stenc configuration at C* as cholesterol (VII) It was possible to prepare 
this androgen from cholesterol (VII) The cholesterol was acetylated 
and brominated The side chain was oxidized with chromic acid to 
yield the C« ketone which, on removal oC the bromine, and hydrolyzing, 
yielded dehydroisoandrosterone identical with that prepared from the 
urmarv extracts (Fig 3) (I&-21,23,25) 

The partial synthesis of dehydroisoandrosterone was earned out 
almost simultaneously by three other groups of workers Thus Ruzicka 
and Wettstein (196) and Wallis and Fendiolz (216a) accomphshed the 
partial synthesis from cholesterol, while Oppenauer (170) was able to 
convert a sitosterol to dehydroisandrosterone 
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D Partial Synthesis of Andbosterove and Isomers 

Clarification of the structure of androsterone was accomplished by 
Ruzicka’s group m 1934 (193), when androsterone and the other three 
steneoisomers, in\ohnng carbon atoms 3 and 5, were prepared by partial 
sjmthesis For the synthesis of androsterone, cholesterol was reduced 



MDROSTERONE 

Pig 4 — Fartul s^Titheais of sodrosteroae from cholesterol 


to dihydrocholesterol (VIII) which was oxidized in turn to cholestanone 
(IX) with chromic acid On hydrogenation in acid solution and sub- 
sequent acetylation, the cholestanone (IX) was comerted into epidihy- 
drocholesterol acetate (X) Oxidation of the side chain with chromic 
acid 5^elded androsterone acetate (VI), and on hydrolj sis androsterone 
which w as identical with that isolated by Sutenandt from the urine w as 
realized (Fig 4) 
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Ruzicka et al (193) also prepared, by partial synthesis from choles- 
terol, the three additional isomers of androsterone at C-3 and C-5 as 
illustrated in Fig 5 

The partial synthesis of androsterone (I) was also accomphshed by 
Butenandt el al from cholesterol (21), by Dirscherl (54) from cmchol, by 




CftfilHrOflOCHOLCSTtKOL ANCttOITeKOHC 



fia 5 — ^Schematic representation of partial synthesis of androsterone and three 
tsomera from cholesterol 

Calmer et al (43) from sitosterol and stigmasterol, and by Marker (135) 
and Marker et al (137) from cholesterol 


E Isolation of Testosterone from Testis Tissue 
After the isolation of the two androgens, androsterone and dehydroiso- 
androsterone, from men’s unne it became apparent that the androgenic 
material m bull testis must be due to still another substance The work 
of Gallagher and Koch (90) bad indicated that the androgenic material 
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m testts tissue \sas more labile to alkali than the androgeos m unne 
Secondlj , the highly purified fractions from bull testis w ere more active 
on a w eight basis than the pure compounds isolated from urine Finally, 
i\hen testis extracts and urinary extracts uere administered to castrated 
rats or mice at equualent le\els m terras of capon units, the testis 
matenal pro%ed to be far more active than the urinary extract David 
el al (46) finally ^ ere able to isolate an androgen, testosterone, from bull 
testis uhich was shoivn to be approximately six times more active than 
androsterone (I) on the basis of the capons comb, and vihich differed 
chenucallj from androsterone (I) Recently David s isolation iias con- 
firmed m the laboratory of RuncLa, where testosterone fWVl Ha's 
isolated from the testis of stallions (205) 

F Partul Synthesis of Testosterone 

The sjmthesis of testosterone and proof of structure was quickly 
accomphshed by Ruzicka and Wettstein (196) and by Butenandt and 
Hanisch (21) The partial synthesis as accomplished by Ruzicka and 
Wettstein consisted of convertmg cholesterol (VII) by oxidizing its 
dibromo acetate derivative to dehydroisoandrosterone acetate (IV) 
The ketone group of dehydroisoandrosterone acetate was reduced to the 
A‘-androstenediol-3 03), 17(a)-3-monoacetate(XIX), which was benzojlated 
to form the 3-acetoxy, 17-beDzoxy derivative On partial sapom- 
fication the acetate group was removed with the formation of ^'-andro- 
stenediol-3(^),17(a)-17-beazoate (XX) This compound on bronunation 
followed b} oxidation, debrommation, and saponification >ielded testo- 
sterone (XX\), which was identical nith the compound isolated from 
testis tissue (Fig 6) 

The s> nthesis of Butenandt and Haniscb is similar to that described 
by Ruzicka and Wettstein 

G Androgens from Adrenal Tissue 

Studies on adrenal coftical extracts have yielded four cri-stalUne 
androgens adrenosterone (XXI), A*-androstenedione-3,17 (XXII), 
androstanediol-3(^),ll-one-17 (XXIII), and 17 ’-hydroxyprogesterone 
(XXI\ ) Although the extracts were subjected to relatively’ mild 
chemical treatment, it has been pointed out by Reichstem that these 
compounds may represent artificial degradation products of Cti com 
pounds This does not apply to 17-"fl”-hydroxyprogesteroae (XXI\') 

Adrenosterone (XXI) was isolated from an adrenal cortical extract 
by Reichstem (188,189) From similar extracts androstanediol-308),ll- 
one 17 (XXIII) (215), and A«-androstenedione-3,17 (XXII) (215) were 
realized The structural considerations of the first two androgens are 
discussed elsewhere (Chapter XIII) in this volume, and Reichstem and 
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von Euw (215) as well as Pfiffner and North (178) have reported the 
isolation of l7'‘(3”-hydroxyprogesterone (XXIV) The constitution of 
17‘‘/3”-hydroxyprogesterone (XXIV) has been proved by degradation 
studies (177,178), and partial ^thesis has been accomphshed 
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Pig 6 — Partial synthesis of testosterone from cholesterol 
Note For eholeetrol re»d rbolesteroHn VIL 

H Isolation of 11 Hydroxy anohosterone 
11 Hydroxyandrosteione (XL) was isolated first by Mason (141) and 
Mason and Kepler (144) from the unnes of various patients shoiving 
adrenal cortical invoh ements, such as tumors and hyperplasia The 
substance has also been isolated from the unne of a female pseudoherma- 
phrodite showing no apparent adrenal involvement by l\Iiller, Dorfman, 
and Sevnnghaus (154) and from normid male unne (142) The former 
w orkers found the compound to be androgenic by the chick comb test 
The formula CijHsoOi was found by analysis, and on acetylation at 
90®C with acetic anhydnde and pyndme, the compound yielded a 
monoacetate The matenal was not precipitated mlh digitonm m 90% 
methanol It formed a jellow dinitropbenylhydrazone, and on oxida- 
tion with chromic acid gaie a product identical with androstanetnone- 
3,11,17 (XLI) (Fig 7) 
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On treatment of the monoacetate with hydrochloric acid and acetic 
acid an androstenolone (XLII) was obtained, which appeared to be 
identical with one previously obtained from unne (163) 
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I Isolation op A* Androst£vexriol-3(/S),16,17 
A‘ Androstenetnol-3(d) 16,17 (XLIV) tvas first isolated by Hirsch- 
mann (111) from the unne of a seven year-old boy with an adenocar- 
cmoma of the left adrenal cortex This steroid was also isolated from 
normal unne (139) The compound was inactive as an androgen at 
doses up to seventy times the amount necessary' to produce a significant 
response in the chick’s comb with androstcrone (112) This steroid is 
of interest, however, particularly because of its relationship to dehy 
droisoandrosterone (Hi) This relationship is similar to that found 
between estrone and estriol Hirschmann was able to prove the struc 
ture of this steroid by degrading the compound to a known ketodicar 
boxyhc acid (XLVI), and by the conversion of the monoacetate of the 
isolated compound into the known fi-3 hydroxy A'-etiobihenic acid 
(XLVIII) Thus the isolated compound, which contained one nuclear 
double bond, was reduced with hydrogen and palladium to the saturated 
tnol (XLV) The tnol was oxidized with chromium tnoxide at room 
temperature to form the ketodicarbo^lic acid (XLVI) (Fig 8) 

In a second senes of reactions, isoandrosterone (XIV) was converted 
to 16-benzylidinandrostanol-3(fl) one-17 (XL\II), with sodium methyl- 
late and benzaldehyde This product was acetylated with pyridine and 
acetic anhydnde and oxidized with chromium tnoxide, and after sapom- 
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Fio 8 —Proof of atructure of A» ai)drosteijetnol-3(^),16,J7 
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9— Conversion of A‘ ftndrostenctno!-30J),I6,ir to tf-S-hydroxy-J'-vtiobilienn, 
scid 
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fication yielded the /5«3-hydrox3 etioallobilianic acid (XLVIII) The free 
j3-3 hj droAvettoallobihanic acid (XLVIII) was oxidized with chromic 
acid to 3-ketoetioallobilianic acid (XLVI), this proved to be identical 
with that prepared from the isolated compound (Fig 7) 

I rom the above evidence it was apparent that the compound must be 
androstenetnol-3, 16,17 The fact that the compound was precipitated 
with digitomn was indicative of a 3(fl) hydroxy configuration Com- 
parison of the optical rotations of androstenetnol tnacetate and andro- 
stanetnol tnacetate indicated that the doub'e bond was between C-5 and 
C-6 Further evidence for the 305)-hjdro\y and was found by a 
third set of reactions The 3-monoacetate of the isolated tnol was 
brommated and oxidized with chromium tnoxide The reaction product 
was debrominated with sodium iodide, and 0-3 hydroxy-A'-etiobilienic 
acid (L) was isolated, which was identical with a known sample (Fig D) 

J Cn Compounds from Testis Tissue 

Marker et d (136,138) have demonstrated that, although the bull 
excretes sizable amounts of such Cn steroids as pregnanediol-3((ir), 20(a) 
(LXXVII, page 432), allopregnanediol-3(e),20(o) (CII) and alio- 
pregnanediol 3(0),2O(o) (LX^OCIX, page 435), the steer does not This 
would indicate that the testis is capable of producing some Cn steroids 
The work of Huzicka and Prelog (104) has demonstrated the presence of 
two Cti compounds m ewioe testis, namely A'*pregnenol-3(0)-one-2O 
(LIII, page 422) and alloprcgnanol-30})-one-20 (LFV, page 422) 

K Isolation of A*'-Androstenol-3(o) and A**-Androstenol-3(0) 

Frelog el d (182) isolated from the Iipid extracts of sivine testis two 
isomenc androstenols, A‘* androslenol-3(«) (LV) and A‘'-androstenol- 
3(0) (LVI) Both compounds had a musk-hke odor Their structures 
were established by partial synthesis (184) Androstanol 17(0)-one-3 
hexahydrobenzoate (LVII) was heated to SOO^C in an atmosphere of 
nitrogen to form A‘*-androstenone 3 (LVIII) The latter compound was 
reduced with aJuminum isopropyJate (Meerwein-PoDdorf) toform the two 
C-3 epimers, which in turn were separated with digitomn (Fig 10) 

L An Androstanol-3(0)-onb from Pregnant Mare Urine 

Heard and McKay (102) isolated a digitomn-precipitable neutral 
steroid from the unne of pregnant mares which had the formula CitHioOt 
The compound yielded androstane when reduced by the Clernmensen 
method, and a diketone on oxidation mth chromic oxide which was not 
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identical with androstanedione-3,17 (LXX, page 522) The authors 
feel that the most hkely position for the carbonyl group is at 06 or C-15 
(103) 

M ^^ISCELLA^EOUS SPBKPANCES ISOLATED FROM SwiVE TeSTIS 

Hirano (109) isolated a substance from swine testis which was phys- 
iologically inactive, and had the fonntila CuHnOj and which he called 
testalolone He suggested that the structure of this C 21 compound was 
either allopregnanol-3(^) one-20-al 21 (LI) or pregnanol 3(d)-one-20-al- 
21 (LII) However, synthesis of both these compounds by Ruzicka 





A'*— *NOIIOSTf(IOl-Sf«A) ^'*-*Kei«OSTENOL“3(^) 

FiO 10— Partial Bynthesss of a'* androstenoI-Sfa) and A*' androatenol-3(/9) from 
androstaool 17(fl)-ODe-3 


el al (195) has shown this not to be the case Ruzicka and Frelog 
(194) were able to isolate testalolone with melting point at 268®C , 
which analyzed for CjjHjtOj, as compared to Hirano’s melting point of 
25S“-264®C The compound gave a negative test with tetranitro- 
methane and reduced ammoniacal silver nitrate slowly The compound 
also showed mutarotation 

A second compound was isolated from swine testis by Hirano (109) 
named testnol, which had the formula ChHioOj and a melting point of 
65-66®C This compound has also been isolated from swine testis by 
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Prelog, Ruzicka, and Stemmann (183) and has been shown to be chimyl 
alcohol 

N Summary of Androgens and Related Substancfs 


The vanous androgens and related compounds isolated from natural 
sources are represented in Fig 11 and Table I The androgenic activi- 
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Fia 11 — Androgens and related compounds isolated from natural sources 


ties represented are merely approximations on the basis of the capon’s 
comb test These would not necessanly be similar to relative activities 
derived from mammalia n bioassays 
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TABLE I 

Andkooens and Related Substances Isolated trou Natural Sources 


Com 

pound 

number 

1 

Systematic name 

Common 

name 

Source 

Approx 
am t equal 
to 1 lU 

I 

Andros tBnol>3(a) 
one-17 

Androsterone 

Human preg cow 
end bull unne 

100 

11 

3 Chloro-A* andro 
alerone 17 


Human unne {prob 
ably artifact) 

Inactive 

III 

A* Androstenol 30) 
one 17 

Uebydroiaaan 

drosterone 

Human pteg cow, 
and bull unne 

300 

XIV j 

AndrostanoI-SO) 

006-17 

IsoandrosteroDe 

Human and preg 
mare unne 

700 

XVIII 

1 

E tioeboIanoI-S (a) 
one-17 


Human unne 

Inactive 
at 1200 

XXI 

A*-AndrostenetnoDe 

311 17 

Adreoosterone 

Adrenal cortex 

500 

XXII 1 

At-Androslenediooe 

3 17 


Adrenal cortex 

100 

XXIV 

1 

At.Pregnenol I7(fi) 
diooe-3 20 

17 $ hydroJty 
progesterone 

Adrenal cortex 

500 

XXV 

A^AndrostenoI 17(a) 
one-3 

Testosterone 

Bull and atalLon 
testis 

15 

XXVI 

A* •' * Aadrosteaone- 
17 


Human unne (prob 
ably artifact) 

1000 

XXVII 

1 

XXVIII 

A’ * Androstadienone 
17 

A* Androstenediol 
m 17(«) 


Human unne (prob 
ably artifact) 

Path buman unne 

400 

XL 

\ndrost«nediol-3(a) 
11-one 17 

11 Hydrojcy 
aodrosteroDe 

Human unne 

300 

XLII 

A’"" *' Androstenol 
3(a)-one-17 


Path human unne 
(probably artifact) 

300 

XLIII 

Androstanediol-Sfa) 

17(a) 


Human unne? 

20 

XLIV 

LV 

LVI 

A‘ Androstenetnol 

3(tf) 16 17 

A" AndrostaDoI-3(a) 

A ‘-Androstanol-3(d) 

! 

Human unne 

Boar testu 

Boar testis 

Negative 


HI Form m Wluch Androgens Occur m tFnne 
Androgens in unne occur in a nater soluble, biologically inactn e form 
On treatment with acid and heat the iiater soluble complex is split, 
yielding the fat soluble water insoluble androgen which now is biologi 
cally active However the process of hydrolyzing the water soluble 
complex in addition to hberatmg the androgens, also causes structural 
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changes, to some extent, in the biologically active steroids, w hich tend to 
decrease the total androgenic activity 

Asearlj as 1929, Funk eioZ (87) xi ere able to show that urine extracted 
after acidification gave larger amounts of active material than untreated 
urine Adler (1) was able to show that butanol extracts of male urine 
which were inactive by the capon’s comb test could be converted to 
biologicallj activ e material bj heating with trichloroacetic acid Other 
workers confirmed and extended these findings (90 175) 

A Isolation of Solpate Esters 

The w ork of early investigators has been confirmed by the isolation of 
dehj droisoandrostcrone (III) m the form of its sulfate ester from men’s 
urine (162) and the isolation of androsterone sulfate (CIII page 487) 
from the unne of a patient with an interstitial cell tumor of the testis 
(212) 

In the procedure for the isolation of dehydroisoandrosterone sulfate, 
the urine was first extracted wuth n butanol (162) The combined 
butanol extracts were treated with cold sodium bicarbonate and with 
sodium h>droxide The butanol solution was subjected to repeated 
extraction with water The aqueous extracts were treated with semi- 
earbazide and a semiearbazone was isolated which analysed well for the 
semicarbazone of sodium dehydroisoandrosterone sulfate Hydrolysis 
of the den\ ative with hydrochloric acid juelded a substance which, after 
sublimation and benzoylation, was found to be identical with debydroiso- 
androsterone benzoate (CI\ ) 

The isolation of androsterone sulfate by Venning et al (212) consisted 
in a preliminary extraction of the urine with benzene to remove free 
steroids This was follow ed by exhaustive extraction with n butanol 
at pH 1, to remove the conjugates The combined butanol extracts 
were neutralized and extracted with an aqueous solution of sodium 
hydroxide The butanol extract was neutraUzed and evaporated to 
dryness The residue was dissolved m ethanol and after removal of the 
ethanol insoluble material, the solution was evaporated to dryness 
The residue was finally dissolved in water and precipitated with acetone 
After repeated precipitation followed by chromatographic separation, a 
crystalline conjugated 17 ketosteroid was obtained which analyzed for 
the sodium salt of androsterone sulfate Proof for the structure of the 
conjugate was obtained by hydrolysis to the free steroid The conjugate 
was refluxed for six hours in the presence of hydrochloric acid After 
hydrolysis, both A* and A* androstcnone-17 (XXVI) and androsterone 
(I) were obtained 
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B Artifacts rv Ubinart Extracts 


A certain number of isolated androgens and related steroids may be 
considered more as artifacts than as normal unnarj constituents The 
production of artifacts may distort the true picture of metabolites in 
the unne in three najs First, when a true metabolite is modified, the 
concentration of this metabobte is decreased, second, the decrease in 
the concentration of the metabolite may be reflected in the formation 
of a substance or substances not originally present, and third, the change 
in the metabohte may result m the production of a second metabobte, 
thus causing the concentration of a metabohte to increase only as 
a result of the methods employed These artifacts may be classified 
as artifacts of degradation, artifacts of substitution, and artifacts of 
dehydration 

1 Arttfacis of Degradation 

No clear cut evidence has been presented to sbois that androgens or 
17-ketosteroids may anse as a result of degradation From the works 
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Fig 12 — Posable artifacts of degradation 
of Talbot and Eitingon (208) as well as from the isolation studies of 
Butler and Maman (26), Hirschmann and Hirschmann (113), and 
Lieberman and Dobnner (126), it is clear that human unnes contain Cti 
compounds mth 17-h}droxyl groups The specific compounds isolated 
are pregnanetnol 3(a) 17,20 (CVIII), pregnanediol-3(a),17-one-20 (C^ I), 
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and A*-pregnenediol-303),l7-one-2O (CIX) If these compounds are 
degraded to 17-ket03teroid3 during the usual acid and heat treatment, we 
can expect the former two compounds to increase the titer of etiocholanol- 
3(a)-one-17 (X\'ni), nhile the latter compound would be converted 
to dehj droisoandrosterone (U) (Fig 12) 



OeHYOROISOAMOdOSTtKOHJ S-ewLOItO-A*-*W»(»»TI HOWE-IT 

Fio 13 — Artif&cta of substitution 

2 Artifacta of Substitution 

Artifacts of substitution ate those m which hjdroxj groups are 
replaced with chlonne to form the cbloro dentative Thus Butenandt 
and Dannenbaum (18) isolated 3 ch1oro-A* androstenone-l? (II) from 
unnaty extracts The fact that this substance is an artifact was sug- 
gested by Butenandt \ enmng tl ai (212) were able to convert deh} - 
droisoandrosterone sulfate (CV, page 485) to S-chloro-A^-androstenone-l? 
(II) by hydrolysis with h>drochlonc acid (Fig 13) 

3 A rtifacls of Dehydration 

In the category of deh>drations, we have A**'*-androstenone-17 
(XX^TL), A* * androstadienone-17 (XXVII), and A**' "-androstenol- 
3(a)-one-17 (XLII) (Fig 14) Proof that A*" *-androstenone-17 (XXVI) 
IS a hydrochlonc acid artifact of androsterone has been produced by the 
conversion of a portion of androsterone sulfate (CIII, page 485) to this 
unsaturated steroid (212) \Vhether a portion of this sterone is present 
in unne as such is not known 

A* * Androstadienone-17 (XXVII) appears to anse at least m part by 
the dehydration of dehj droisoandrosterone (III) (55,181) The latter 
workers used the charactenstic spectnim as a means of identifying the 
dehydration product They also claim from similar eiidence that the 
compound is present in extracts of unhydrolyaed unnes 

A third androgen of unne, isolated thus far only from the urine of a 
girl wuth an adrenal cancer (218) and from that of a female pseudohenna- 
phrodite (70), is A*®' ‘*-androstcnol-3(o)-one-l7 (XLII), which appears 
to be an artifact It has been shown that dehydration of 11 hjdroxj- 
androsterone (XL) with a mixture of hydrochlonc and acetic acids 
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3 aelds an androstenolone which appears to be identical with that isolated 
from the unne (140) 



n-H-tewxYMenosTtWHt A* “-iwniwitHOL-sW-ote-iT 


oS^ 

(II XXVII 

cfKTeROtjoxHOnosTtxaKt A***-*i*o*esMBitNOKt“ it 

Fto 14 — ArtiTacta of debj^dntioQ 
IV Assay of Androgens and Kelated Substances 

The assay of androgens and related substances involves the considera- 
tion, first, of thebioassay methods which are dependent upon the biologi- 
cal activity of this class of compounds, and second, of the chemical 
methods which essentially involve the color produced by C-I7 ketones 
under special conditions Although the biological and chemical methods 
both measure some of the same compounds, certain obvious differences 
exist Unnary steroids such as androsterone (I) and dehj droisoandro- 
stecone (III) both possess androgenic activity of varying degrees and 
give roughly, bj the chemical methods usually emplojed, about the 
same mtensitj of color On the other hand, a steroid such as etio- 
cholanol 3(Qr) one-17 (X\ni) gives a positive test b\ the chemical 
methods but is inactive bioli^call} 

A Bioassat op Androgens 

In studies of extracts conlainmg androgenic matenai, the biological 
method is obviously indispensable Biological methods are needed for 
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the charactenzation of a new androgen which nrust include its physiologi- 
cal action (qualitative) and its relatne activity (quantitative) 

In studies on unnary concentrates it has been shown that a reasonable 
parallebsm exists between the quantity of androgenic material (biological 
assay) and the amount of 17-ketosteroids (chemical assay) present 
Oesting (16S) has demonstrated that relatively good correlation exists 
between the androgemc and 17-ketosteroid titer of normal children’s 
unne The work of Callow (31) indicates a close relationship between 
the two methods in a variety of urines Holtorff and Koch (116) have 
studied this relationship, and, although their correlation appears to be 
poorer than that found by the earher mentioned workers, it appears to 
be adequate In human urines, for comparative studies either the 
biological methods or chemical methods ma> be employed For special 
studies, the choice of either the biological method, the chemical method, 
or both must be dependent upon the specific objectives 

1 Capon’s Comb Assay by Intramuscular Injection 

The capon’s comb has served as a test object for the evaluation of 
androgenic activity since the time of Berthold s classic experiments 
It has served not only as a quahtative measure of androgemc activit}, 
but has been used for quantitative studies As a quantitative tool, 
many variables had to be discovered and controlled Sueh factors as 
age at which cocks are capomsed, breed of capon, weight of capon, 
influence of hght, age of bird, and imtial comb size have been subjected 
to critical analj’sis Various methods of measunng comb size have been 
emplo>ed such as direct measurement of the comb with a milluneter 
rule, photograph of the comb with subsequent measurement of the areas, 
etc 

Detailed studies on the capon method have been reported particu 
larly by Gallagher and Koch (91), Greenwood, Blythe, and Callow (90), 
and hIcCullagh and Cuyler (146) The method of Gallagher and Koch 
IS representative of the capon method This method consisted in the 
use of brown leghorn capons Before administration of the test material, 
the length and height of the comb was obtained by direct measurement 
with a millimeter rule The capons were injected mtramuscularly once 
daily for five days and the combs again measured one day after the last 
injection Each daily dose was contained m 1 ml of oil The increase 
m the length (L) plus the increase tn height (H) was taken as the response 
The response (L plus H) was plotted against dosage and the charac- 
teristic curve determined It was found that a response of 3 to 7 mm in 
L plus H was the desirable range for assays The capon unit was defined 
as the amount of material which, mjected per day for five days, yields 
an average of 5-mm increase m L plus H This umt is approximately 
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equal to one international unit The standard preparation employed 
M as a highly punfied bull testis preparation in n hich the activity iv as due 
pnncipally to testosterone These workers reported a mean error of 
22 6 % V hen the unknown n as run in parallel w ith a standard and groups 
of 16 to 25 capons were used for both the unknown and standard 

Greenwood et al (96) have also studied the dose-response relationship 
using androsterone and the broAvn leghorn capon The five-day penod 
was employed and the measurement of the comb done in a manner 
similar to that utihzed by Gallagher and Koch A log dose response 
curve was constructed between the limits of 0 5 and 8 mg of androsterone 
and was found to give a linear relationship within these limits , The 
authors found a slope of 12 6 when the comb response {L plus H'i was 
expressed m millimeters and the dose expressed as logarithm of milli- 
grams The authors claimed an accuracy of ±18% for the determina- 
tion of an unknown, using five capons, and claimed that if the number of 
capons employed was increased to ten, the error was decreased to ±12% 
Although early studies indicated that the initial svie of the comb was 
ummportant (7,89), more detailed studies seemed to indicate that the 
imtial size of the comb must be taken into account for precise assays 
(91) The weight of the animals makes a slight difference m response 
No sigm&cant difierence in response could be attributed to animals 
varying m age from four months to six years Responses to subcuta- 
neous and intramuscular injections were similar but the amount and 
nature of the solvent employed was an important factor Variations in 
intensity of light were reflected in changes in response to a standard dose 
A question of the strain of capons suitable for androgenic studies has 
been investigated It has been found that, in addition to the white and 
brown leghorn, the English game bantam may be employed How- 
ever, the heavier breeds such as the Rhode Island Red and the Plymouth 
Rock are not sensitive enough for the test (171) 

2 Capon Assoy by Direct Appltcaiton to the Comb 
A more sensitive method for the utilization of the capon’s comb has 
been the direct inunction of the androgen on the comb Studies of 
these methods (50,52,88,146) have indicated that this method is approxi- 
mately 100 to 200 times as sensitive as subcutaneous and intramuscular 
injection methods The author is not aware of any statistical studies 
on the method using capon's comb by inunction, and the accuracy is 
difficult to evaluate 


3 Chick's Corrib Method of Assay 

The early observations of Ruzicka (192), Burrows, Byerly, and 
Evans (14), Danby (44,45), Dotfmau and Greulich (59), and Frank 
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€l al (S2,83) indicated the advisability of using the chick comb as the 
test object for androgen assays Ruzicka painted the chick's comb uith 
a 0 5% solution of androsterone in oil each day for a period of several 
weeks and obtained large increases m comb area He did not, however, 
study this reaction quantitatively Frank and Hempner (83) applied 
the androgens m oil solutions directlj to the base of the comb of white 
leghorn chicks Applications were begun on the sixth day after hatching 
and were repeated on ten successive da)rs The ammals were sacrificed 
and the comb weights were determined on the day following the last 
apphcation These workers were able to evoke a defimte response with 
as little as 20 fig of androsterone Burrows and co-workers injected 
both androsterone and testosterone either into the base of the chick's 
comb or into the breast muscles and found that both these androgens 
stimulated comb growth In all the studies mentioned, the end point 
consists of the weight of the comb, which perhaps represents an advan 
tage over the less exact methods of measurement of size of the capon’s 
comb However, the capon’s comb method has the advantage that 
each animal serves as its owm control 

The method of Hollander €t cl (U5) and Frank et ol (84) is the most 
precise of the chick methods suggested and has been demonstrated to be 
an adequate method for the determination of androsterone and unnary 
androgen This test was designed to utibzc the two*to-three day old 
white leghorn chick The total dose of material m 0 35 ml of oil was 
administered m seven divided doses at 24 hour intervals The matenal 
was administered by applying the test solution from a hypodermic needle 
moving hghtly ov er the surface of the comb Twenty four hours after 
the last administration the animals were killed with chloroform and the 
combs removed and weighed Mixed male and female chicks were 
employed The calculations take into consideration the initial and 
final body weights as well as the sex of tbe animal and weight of the comb 
The following formulation was developed to calculate the andro- 
sterone equivalent in terms of milligrams 

A = 

1 06fZic) - 0 0043(Ztc») - 0 397(SB,) - 0 207(SB,) + 14 75i\r„ +18 5iN/ 

where A — androsterone equivalent in mg , 2u> = sum of comb weights 
in mg , Zte* sum of squared comb weights, SSj = sum of initial body 
weights in g , SB| = sum of terminal body w eights in g iV« = number 
of males, and = number of females 

Using this formulation, Klempner (120) has shown that in 24 deter- 
minations of androsterone using sixteen ammals in a detemunation in 
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the dosage range of 20-40 fig , the mean error as 13 %, and m 39 deter 
niinations over the range of 10-50 ftg , the mean error was 24 0% In 
another study, the results of Klempner were essentially confirmed (58) 
In the latter study, with the range 20—10 fig of androsterone, a mean 
error of 12% was found, and m the range 10-40 , a mean error of 24% 

was found 

The details of this method have been extended to the assay of testo- 
sterone propionate by Dorfman (58) Here the calculations w ere based 
on a simultaneous standard run according to the design formulated by 
Bliss (6) With the use of 32 chicks on the standard and 32 chicks on 
the unknown, errors m potency ratios of less than ±38% were realized 
Increase m hght tends to increase the sensitivity of the comb to 
androgens, at least m the range of complete darkness to normal hght 
(202) The body weights of ammals m normal light were higher than 
those kept in darkness The effect was still preserved, however, if the 
results were expressed as ratios of comb to body weight 

The sensitivity of the chick's comb to androgens vanes with the breed 
employed This is probably true for endogenous androgens as well as 
exogenous matenal since the comb ratios (comb weight per umt body 
weight) vary with the vanous breeds Thus, when the comb ratios of 
the W^te I^ghom, Rhode Island Red, and Barred Rock untreated male 
chicks are compared, it is found that the Vt bite Leghorn is the largest 
followed in order by the Rhode Island Red and Barred Rock The 
relativ e magnitudes of the ratios may be expressed as 8 6 4, respectively 
When relatively small doses of androgens were admimstered to male 
chicks of the three breeds, it was found that when the chick comb ratios 
of ^Tute Leghorns increased 300%, comb ratios of Rhode Island Reds 
increased 100% and ratios of Barred Rocks increased 70% (58) 

4 ilammahan Afsay Meihods 

Vanous mammalian tests, usually on rodents, have been employed 
for the assay of androgens, such as the weight or histological change of 
the seminal v esicles or the prostate, the electncsl ejaculation test (3, ISO), 
thn ductus dcfetetia teat the Gowpec & gjand. test (U14,IQ5), and a 
pharmacological (pemoston and yohimbine) ejaculation test (127) 

Among the v anous mammalian tests employed, the most important 
from the standpoint of sensitivity and accuracy has been the w eight of 
the seminal V esicles prostate, or both The studies of Korenchev sky and 
Denmsoo (123), Deanesley and Parkes (49), Miescher, Wettstem, and 
Tschopp (149), Callow and Deanesley 02), Bulbnng and Bums (10), 
and Greene and Bumll (93,95) are important in the development of 
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these methods Recently Hajs and Mathieson (100) and Mathieson 
and Hajs (145) ha\e reim estigated the use of the seminal vesicles of 
the castrated rat for the a«say of androgens These workers specifically 
used testosterone propionate and the experimental design of Bliss (6) 
The assa 5 is so designed that a comparison could be made between 
standard and unknown solutions of testosterone propionate at two dose 
lev els By this method, an accuracy of +20% could be achieved if each 
of the four groups of ammals contained eight ammala or a total of 32 
animals on the standard plus the unknown 

In addition to the usual variables which influence biological assay 
methods — such as weight, strain, and age of animals, volume and nature 
of solvent (49), and diet of animals — the presence of contaminating 
estrogens may be considered m the aeminal \ esicle and prostate tests, 
since these substances have been shown to have an enhancmg action 
A second factor is the question of such activators as palmitic acid, which 
apparently exert an enhancing action on the absorption of androgenic 
substances 


5 The International Androgen Standard 

As a result of the League of Nations Committee meeting held m 1935, 
an international standard for androgens w as estabhshed The committee 
adopted 0 1 mg of androsterone as equivalent to one international umt 

B POLAROaRAPBIt DETERMINATION OF AnDROOENS AND ReI^TED 
CoMPouNns 

Studies on the applicability of the polarographic method for the 
determination of androgens and related steroids have been reported by 
Wolfe, Hershberg and Fieser (219) From the w ork of these inv estiga- 
tors, it appears that the 17'ketostetoids present in neutral urinary 
extracts can be determined accurately and rapidly by reacting these 
steroids with Girard’s reagent T (tnmethylacethydrazide ammomum 
chlonde) and polarographic aDaI>sis of a suitable aqueous solution of the 
reaction mixture Under the conditions of analysis, 3 ketosteroids are 
indifferent, and the 20 ketosteroids give a distinctly different result than 
the 17-ketosteroid3 The ketosteroid may be easily distinguished 
from the 17 ketosteroids 

In a preliminary study of the relationship between 17-ketosteroid 
concentrations in urinary extracts, good agreement was found between 
the values obtained by the polarographic and Zimmerman methods, 
although the range was from 1 7 mg to 141 mg of 17 ketosteroids per 
liter of unne 
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C Chemical Determination op Anprogens and Related 
Compounds 

For specific purposes such as the determination of unnary androgens 
and their related compounds, many of which are metabolites of body 
androgens, the chemical methods of detection have been applied as an 
alternative to biological assay Zimmerman (224,225) demonstrated 
that pure ketomc steroids such as androsterone, testosterone, and 
estrone could be quantitatively determined by the use of the reaction of 
these substances ivith m dimtrobenzene m alkahne solution to produce a 
characteristic color This work tias followed by that of Wu and Chou 
(223), who modified the test and studied concentrations of color-produc- 
ing material in unne, and expressed the results in terms of androsterone 
Follomng these imtial efforts, an extensive hteraturc has appeared deal- 
ing with modifications of the method as nell as extensive applications to 
the study of unnary concentrations lO normal and abnormal individuals 

Although numerous methods for the determination of 17-ketosteroids 
have been suggested, analysis of some of the factors operating m two of 
these methods (the details of nhich show differences) may suffice for our 
purposes These tn o representative methods are those of Callow et of 
(28) and of HoUorff and Koch (116) 

The method of Callon et ol (28) consists essentially m dissolving the 
matenal to be tested m absolute alcohol, adding a 2% solution of m-dini- 
trobenaene m absolute alcohol, and finally a 2 5 solution of potassium 
hydroxide in absolute alcohol The solutions are mixed and incubated 
for one hour at 25 ± 0 1*C and protected from strong light A cahbra- 
tion curve is constructed with knonn amounts of a crystalline standard 
such as androsterone The “blank” consists of the solvent, absolute 
alcohol, plus the m dimtrobeneeoe and potassium hydroxide solutions 

The spectroscopic studies of the reaction product between andro- 
sterone and 771 dimtrobenzene showed a maximum at 5010 A, while the 
reagents alone gave a low general absorption with a maximum at 4650 A 
Callow suggested that any selective filter having maximum transmission 
somewhere between 5000 and 5400 A would be suitable It was noted 
thaL a. broad abaor^bjin. band wUJb a. vci tfca. ©Kim. was charac- 

teristic of carbonyl substitution at C-17 By this technique, distant 
substituents had httle influence on the spectral charactenstics of the 
color Thus, dehydroisoandrosterone and estrone gave calibration 
curves similar to that of androsterone Saturated 3 ketones show a 
very low general absorption after a one-hour development preceded by a 
rapid color development at five minutes In the case of A^stenones a 
longer time is reqmred for the color development, the maximum is not 
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obtained at one hour This group of compounds also shous a maximum 
m the 5 ellow m addition to that found m the green The 20 keto group 
has been sho^n to gi\e only a low general absorption 

The studies on urinary extracts showed that both normal male and 
female urinary extracts had an absorption spectrum quite similar to that 
found for androsterone Howe\er, in certain abnormal unnes the read- 
ing m the green was partly due to substances other than 17 ketosteroids 
In such cases, it is found that relatuelj high absorptions were found in 
the region of the \nolet 

In the original work of Callowr a good correlation was found between 
the chemical tests and the androgemc assay In spite of the relatively 
high error of estimate in the biological assay, a correlation coefficient of 
0 745 was found 

The question of nonspecific chromogcn determined on the total 
neutral fraction has been studied b> a number of w orkers Essentially 
two methods ha%e been employed, the first bemg to perform the deter 
mmation on ketonic fraction, the second the u«e of a correction factor 
Talbot, Butler, and MacLachlan (206) ha\e shown that higher 
accuracy can be attained with the Callow method when ketomc fractions 
are employed Franer et al (85) have used a correction equation to 
compensate for the overestimates inherent m measurements on the total 
neutral fraction The interfering chromogens appear to absorb maxi- 
mally in tbe region of the violet at 4100 A , as contrasted ivith the maximal 
absorption of the 17 ketosteroids at 5200 A The \ahdity of using a 
correction equation for the Callow procedure has been shown by tbe 
fact that net values so obtained agree well with the \alue derived from 
assays on the ketomc fractions (76,208) 

Applymg the formulations of Gibson and Evans (92) and making 
readings in tbe green and violet, the followmg correction equation may 
be used for the 17-keto3teroid determination by the Callow procedure 
Corrected reading m green = For chromogens iC, = E^/Eg 

For 17 ketosteroids Ka — E^fEg 

The Holtorff-Koch technique differs from the Callow method in a 

potassium hydroxide solution and 95% ethanol solutions of the test 
material and a 2% solution of tn-dimtrobenzene in 95% ethanol The 
of mcubation was ongmally set at 45 nunutes, but subsequent 
studies have indicated that tbe maximum color development is obtained 
at about 105 mmutes (164) Unlike the Callow method, this method 
shows a difference in color produced by vanous 17 ketosteroids This 
method shows a departure from Imeanty as the amount of total urinary 
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extract emplojed is increased This is mimmized if the measurements 
are made m the dilute range and completely removed if assays are done 
on the ketomc fraction e\en m an extended range Since the curve 
departs from linearity, correction equations cannot be apphed over an 
extended range of urinary concentrations (76) 

Pmcus (179) has described a colonmetric method for the determma* 
tion of urinary 17 ketosteroids which excludes a number of chromogens 
that react Viuth m dimtrobeniene It involves reaction of neutral 
ketomc steroids uith concentrated antimony chloride (SbClj) in acid 
solution Androsterone and its isomers produce an intense blue color, 
whereas the 20 ketosteroids and the 3 ketosteroids give yellowish or 
colorless reaction products Androstenone-l? reacts as intensely as 
androsterone, and dehydrotsoandrosterone with about ono-seventh the 
intensity of androsterone This reaction is apphcable to human urine 
extracts and has also been used by Cohen and Salter (197) and Venmng 
(211), who hnd it more specific than the m dimtrobenzene reaction (see 
also Pmcus, 179) 

With the Holtorff*Koch techmque such androgens or IT-ketosteroids 
as dehydroisoandrosterone and ’•androstenone-l? tend to give 
higher color values than androsterone Therefore, if unnes are studied 
by this method after extraction procedures which cause extensive con- 
version, of androsterone to the A**'*-androstenone-17, the absolute 
values for 17 ketosteroids tend to be high when androsterone is used as 
the standard 

V. Concentrahon of Androgens and IT-Setosteroids in Unne and Blood 

Dunng the past fifteen years a rather large body of data has been 
accumulated with respect to the urinary levels of androgens and 17 keto- 
steroids ID the urine of normal and diseased patients Due to the diffi- 
culties m runmng androgen assays, only a relatively small amount of 
data on androgen concentrations has been presented, but nitb the 
advent of colonmetnc methods for the determination of 17-ketosteroids 
many studies on these constituents of unne were presented, until at 
present a rather large literature has grown up 

Certain dynamic changes m unnary 17 ketosteroids have been found 
in vanous conditions of stress The 17 ketosteroid concentrations in 
unnes may be considered at two different levels The first level, which 
is discussed under the adrenal cortical hormones, is concerned mtb the 
adaptation of adrenal cortex to stress, probably by way of pituitary 
stimulation and may involve changes from hour to hour (see Chapter 
XIII) The second level deals with the average value of 17-ketosteroid 
excretion over a penod of a day or many days It is the latter level 
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which concerns us here and which may be correlated with unnary andro- 
gen excretion 

In discussing levels of 17-keto3teroid excretion in various urines, it is 
apparent from previous discussions that the magnitude is dependent 



Fio IS ~The excretion of androgens and IT-ketosteroids m the unne of boys. 

Boys X « fiOZ (ref 169)1 

O - /370 (ref 165)}l7-keto9teroida 
O -> /390 (ref 163) j 
□ ref 97, androgens 

upon such factors as nonspecific substances, the onginsl method of unne 
extraction, and finally, the method of 17-ketosteroid determination 

A Concentration of Androgens and 17-Ketosteroid3 in Human 
Urine 

In Tables II-XXII an attempt has been made to compare the values 
of androgens and ir-ietosferoids reported by different investigators in 
normal and diseased subjects of varying ages 
1 Children 

During the first six years of life, boys showed an extremely low level 
of androgemc material in the unne A rather rapid increase m urinary 
excretion was observed beginmng at about six to seven j ears of age The 
rate of increase m urinary excretions continues up to about the seven- 
teenth to eighteenth year of life Although levels up to 25 international 
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units per day are obtained at this tune, this concentration appears to be 
significantly loiier than the level found during the twenties and thirties 
Thus in one study, \alues of 66, 80, and 75 I U per day were found for 
young men aged, 20, 21, and 22, respectively, as compared ivith levels 
of 25 I U at ages of 17 to 18 (62,97) 

TABLE II 


Excretion or Androoens and 17 Ketosteroids in UbJnb or Bots 


Age, yr 

Androgens, 

1 lU/day 

17 Ketosteroids, mg /day 


Ref No 97 

Ref No 169 

Ref No 155 

Ref No 163 

4-8* ; 

<0 3 (2)‘ 




2-3 1 

<1 0 (1) 1 




3-4 

<1 0(11,13(1) 

2 4(4) 


3 0(4) 

4-5 1 


2 4(4) 


3 3 (5) 

5-6 


2 4(3) 


3 6(4) 

6-7 


5 2(4) 


3 7(9) 

7-8 

<1 (0 

4 1 (3) 


5 1 (6) 

8-9 

4 (4) 1 

4 9(4) 


5 3(8) 

9-10 

8 (2) ' 

8 2(2) 


7 8(2) 

10-11 

5 (5) 

8 2 (3) 


7 6(8) 

11-12 

7 (16) i 

6 2(2) 

1 8(9) 

n 1 (4) 

12-13 

11(11) 

9 6(1) 

3 4 (6) 

13 2 (3) 

13-14 

9 (32) 

10 4 (6) 

6 3 (11) 

13 2 (2) 

14-15 

11 (30) 

10 8 (4) 

e 9 (9) 

1 IS 9 (5) 

15-16 

22 (32) 1 

14 4 (1) 

7 6 (8) 


16-17 

25 (23) ' 


8 5 (7> 


17-18 

25 (3) 1 





* Days 

* Numbers m parentheses indicate number of subjects 


The increasing concentration of 17 ketosteroids with increasing age 
appears to parallel the curve found for the androgens In two studies, 
those of Oestmg and Webster (169) and of Nathanson ef al (163) this 
was observed (Fig 15 and Table II) Both of these studies deal with 
17-ketosteroid determinations on the total neutral fractions of unnes 
without correction for interfering substances In Mason's studies (155) 
the determinations were run on the total fractions, but his figures have 
been corrected Here again we haie a similar type of curve but the 
absolute levels of 17 ketosteroids are lower than these found in the later 
studies 

The increasing concentration of androgens and 17 ketosteroids ivith 
increasing age in girls presents a picture similar to that found in bojs 
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The data are represented m Fig 16 and Table III The increase in 
excretion of both androgens and 17-ketosteroids with increasing age is 
represented by parallel cur\es The rate of increase of unnary andro- 
gens and 17-ketosteroid concentration is practically zero up to ages four 
to five, Tvhen the androgens and 17-ketosteroids nse dramaticallj The 
cur\ es of the various workers appear to be in good agreement as to rates 
of increment although the absolute values differ 



Fiq 16 — The exeretioQ of androgens and 17 ketostcroids in the urine of girls 
Girls X - /403 (ref 169)1 

O * f370 (tel 155) \l7 keiaslentd* 

O •*{339 (ret 163)} 

Q "• ref 58 andro^ns 

It IS of some interest that, whether considered on the basis of andro- 
gens or 17-ketosteroids, the unnary levels attained by both bojs and 
girls are quite similar In Fig 17, where the data are plotted as age in 
years versus loganthm of androgen concentration, straight-lme functions 
result for both the bojs and the girls, which do not appear to be dis 
similar How is one to explain this similanty in rate of increment? 
It may be argued that m boys the increased unnary androgen concentra- 
tion mirrors increased production of androgens by the testis But 
what about the rate of increment of androgens in girls? If we were to 
attnbute androgens of females to the adrenal cortex, w e w ould be forced 
to the conclusion that the androgen production of the female adrenal 
gland is greater than that of the male adrenal gland Howe\ er, another 
possibility exists — that the ovary does in fact contribute androgens, and 
further, that perhaps no sexual difference with respect to androgen 
production of the adrenal exists 
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TABLE III 


Excretion of Androgens and 17 ICetosteroids in Urine op Girls 


Age, yr 

ADdrogens, 

I U /day 

17-Ketoateroids, rag /day 

Ret No 58 

Ref No 169 

Ref No 155 

Ref No 163 

3-4 

<0 3 (2) 

1 2(1) 


2 7(6) 

4-5 

2 8 (2) 

2 0(2) 


3 0 (5) 

5-6 

1 0(2) 



3 0(4) 

6-7 

1 8(2) 

2 9(1) 


3 7(5) 

7-8 

2 (3) 

3 6(2) 


4 4 (14) 

8-9 

5 (2) 

5 8(1) 


6 0(4) 

9-10 

3 4 (2) 



5 0(4) 

10-11 

7 (7) 

6 8(1) 


7 6(5) 

11-12 

9 (4) 


2 3 (7) 


12-13 

8 (6) 

6 5(3) 

3 2 (9) 

10 2 (5) 

13-14 

18 (5) 

12 0 (1) 

8 1 (9) 

8 0(3) 

14-15 

15 (1) 

10 5 (4) 

6 2(7) 

11 6 (3) 

15-16 



7 6 (10) 


16-17 



7 5(6) 



«s- 

^ 20- 




e 7 9 9 10 it 12 IS 14 IS 16 

ACC IN YEARS 


-FjO 37 — Tbp nf Mdjifgsosi jw iJbP iwusp i>f hojtf sad ^rla 

O g«l8, X— bojB (i«f3 58, 97) 


2 Normal Adult Men and Women 

The concentrations of androgens in men’s unne has e been studied by 
a number of groups of n orkers utilizing different methods of extraction 
and assay These data are summarized in TaWe IV, nhere it is seen 
that variations of from three- to tenfold have been observed on the basis 
of the relationship of the lowest to the highest values found Certain 
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vanations in mean values from laboratory to laboratory are explained 
on the basis of completeness of extraction and extent of destruction. 
It may be nell to recall that when androsterone (I), the principal andro- 
gen in urine, is converted to A*"*-androstenone-17 (XXVI) a tenfold 
loss of androgenic activity results. The mean values of 38, 66, and 99 
I.U./day are quite representative, and there is some reason to beheve 
that the over-all mean of 68 I U /day is reasonable, remembenng, how- 
ever, that the normal values may range doim to as low as 20 and up to 
about 115 I.U. 


TABLE IV 


ExcarnoN or Andbooevs akd 17-Ketosteroids in Urine or Norual Men 


Ko of 
subieetB 

17-Ketoatcroida 

1 Androgens 

Ref 

Method* 

' Range, 

, log /day 

Mean, 
mg /day 

No of 
subjects ' 

Range, 

I U /day 

5fesn, 

I U /day 






19-48 


122a 





4 (26-35) 

22-115 

66 

gia 





7(20-34) 

20-225 

99 

53a 


C 


9 1 




28a 

13 , 

C 

0 8-20 f 

14 2 




76 

9 

C 

8 1-22 6 

13 8 




85 

5 

C 


13 8 




207b 





20(23-37) 

16-86 

38 

OSa 

10 (20-40)* , 

C. 

11 6-17 5 

14 3 




199a 

11 (17-20) 1 

C. 

10 5-19 6 

14 1 


1 


3a 

14 (20-36) , 

n K 

15 0-34 0 

22 6 




1 71a 


• C. “ Callow method, H K ■■ Iloltorff-Koeh Method 
» Age range 


The 17-ketosteroid excretion of normal men appears to range from 
approximately 8 to 32 rag /day, with a mean m the range of 13 to 14 
mg /day iihen the Callow method is employed With the Holtorff- 
Koch method and the use of amultaneous hydrolysis and extraction, a 
range of 15 9 to 34 0 mg and a mean of 22 6 mg has been found on the 
total neutral extract 

Studies on excretion of androgens and 17-ketosteroids in the unne of 
normal nomen are presented in Table V, 'nithout regard to time of the 
menstrual cycle since no sigmheant correlations have been reported. 
The range for androgens appears to be about 20 to 118 I.U./day, although 
some earber workers ha\e reported extremely low values, down to 2 to 
7 I U /day The mean values appear to be about 40 to 47 I.U./day, or 
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approximately two-thirds of the amount reported for normal men's 
unne 


TABLE V 

Excbetion op Androgens and 17 Ketosteroids jn Urine op Nobual Women 


No of 
subjects 

1 17 Ketosteroids 

Androgens 

Ref 

Method* 

1 mg /day ' 

mg /day 

No of Range, 
subjects 1 U /day 

Mean, 

I U /day i 

5 

C 5 4tol96 

12 2 



2I7a 



6 8 



28a 

15 (20-40) 

C 5 8 to 17 f 

10 2 



76 

14 

C 5 1 to 14 2 

d 0 



85 




8 (20-26) 20-68 

40 6 

53a 




4 (23-34) 22-85 

47 

Ola 




1 2-50 


29a 




7-35 


201a 

9 

C 

9 1 



207b 

5 (21-43) 

Os 3 to 28 

12 6 



9Sb 

3 

Os 4 3 to 17 3 

9 5 



S5a 

4 (20-38) 

3 8to 4 8 

4 5 



3a 

30 (20-40) 

H K 4 0 to 22 0 

12 6 



71a 


* Oa •• Oea^iDg, for other abbrevutioDa, see Table IV 


Numerous studies of 17-ketosteroids in the unne of normal tvomen 
have been reported In studies utilizing the Callow techmque, mean 
values from 6 8 to as high as 12 2 mg have been reported, with the mean 
somewhere around 9 4 mg /day, or, as in the case of androgens, about 
tw 0 thirds the values found for normal men In one instance amean value 
of 4 5 mg /day was reported, but there is evidence that m these studies 
some of the 17-ketosteroids were lost before the color reaction was 
employed The Holtorff-Koch method on some thirty subjects between 
the ages of twenty and forty years of age has yielded a range from 4 0 to 
22 0 mg with a mean value of 12 6 mg /day The most variable data 
presented are a study on some five women m which a range of 3 to 28 
mg /day was found with a mean of 12 6 mg /day This latter study 
utilized the Oesting method 

3 Sentle Men and Women 

From a few reports on the concentrations of androgens and 17-keto- 
steroids in the unne of old men, it is apparent that in old age there is a 
decrease m these unnary constituents (Table VI) Thus, while one 
laboratory reports a mean value of androgens of 99 I U /day for men 20 
to 34 years of age, they found a value of 20 I U /day in a group of six 
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men 59 to 67 years (Table VI) In another sthdy men of the age group 
50 to 76 jears were reported to excrete only 10% of the amounts of 
androgens excreted by j oung men 


TABLE Yl 

Excsmov OF AvcaoesNS and 17 Letosteroids rv Urive op Old Mev 


^■0 of 
subjects 

n Ketoatero ds i 

1 Androgens 

Ref 

Method* 

Range 
mg /rfaj 

Mean 
mg /day 

No of 
aubjects 

Range 

I U /day 

Mean 

I V /daj 





(50-76) 

2-3 


122a 





1(79) 


<5 

53a 





1(87) 

10-25 

18 

53a 





6 (59-67) 

' 5-10 

20 

533 

S (71 75) 

C 

2 8-4 3 

3 4 




85 

4 (S2 88) 

H K 

2 0-12 0 

5 9 




71a 

1 (62) 

H K 

6 3-12 5 

1 9 4 

1 




71a 


• For abbroviAliona aec Table IV 


In two studies on 17 ketostcroids in older men it was shoim by the 
Callow method that men 71 to 75 years of age excreted about one third 
that excreted by normal men while in the second etud> utibzmg the 
Holtorff Koch method four men 82 to 88 years of age excreted one fourth 
the amount found in the unne of men 20 to 36 years of age (Table ^^) 
TABLE VII 


ExcBcnoN or Avobooens and 17 KFrosTEROios m Urine or Old M ouen 


Age 

tears since 
last menses 

17 Ketostero ds 
mg /day 

Androgens 

I U /day 

Ref 

65-72 

T 


<9-11 

53a 

49 

0 42 

53 (13)» 


9Sa 

48 

0 75 

38(20) 


9Sa 

42 

0 75 

55(11) 


9Sa 

47 

1 

38(26) 


98a 

52 

2 

81 (12) 


9Sa 

57 

2 ! 

59(4) 


98a 

48 1 

2 

60(7) 


9Sa 

56 

4 

38(8) 


98a 

56 

5 

38(7) 


98a 

62 

14 

32(15) 


98a 

67 

25 

16(4) 


98a 

74 

26 

22(24) 


9Sa 


* Number of detenmnatioos is sbowu m parentheses 
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The excretion of androgens by old women appears to be lowered 
Thus women 65 to 72 years of age were found to excrete approximately 
one fourth the amount of androgens excreted by normal women of 20 
to 26 years However, dramatic increases in 17 ketosteroid excretion 
TABLE VIII 


Excretion op Androgens and 17 Ketosteroids in Urine op Eunuchoid Men 


Age yr 

17 Ketosteroids, 
mg /day 

Asdrogeos, 
lU/day 1 

Ref 

18 

8 5 


85 

18 


27 

99a 

19 

2 8 


85 

20 

1 2 ^ 


85 

20 


9 

145a 

20 


17 

119a 

21 


15 

14Sa 

21 

4 8 1 


85 

21 

6 8 ' 


85 

22 


20 5 

99a 

23 


23 0 

119a 

23 


4 

145a 

24 1 


17 

n9a 

24 

3 5 


85 

25 

8 4 1 


85 

26 


28 


26 


9 

99a 

27 

i 

24 1 

99a 

27 


8 

119a 

28 


14 

99a 

28 

4 2 


85 

29 

6 4 


85 

29 1 


13 

, I19a 

29 


15 

119a 

30 1 


6 7 

119a 

30 


23 

145a 

31 


1 

119a 

31 ' 


21 

119a 

33 


6 

14Sa 

34 

3 9 


85 

34 


1 

1 145a 

35 

3 0 


85 

35 


14 

i 99a 

36 


33 

119a 

39 

13 3 

65 

29a 

42 


23 

99a 

44 

IS 1 

80 

29a 

56 

9 4 

8 

29a 
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have been reported by one group of workers (Table VII). These obser- 
vations have not been confirmed 

TABLE IX 


Excsetiov or Amdrooens and ir-KerosTEROiQB tn Urine op Castrate Mem 


Age, yr. 

Years since 
castration 

17-KetosteTOuls, Androgens, 
mg /day I U /day 

Ref, 

3S 

0 (M 

2 7-5 5 

99b 

26 

0 OS 

5 1* 

90b 

66 

0 1 

5 4 

85 

29 

0 17 

b y* 

9gb 

27 

U 5 

4 1* 

99b 


U 5 

47 5- 

99b 

AduU 

0 5 

5 7- 

99b 

47 

1 

15 4« 

99b 

24 

1 

28* 

29a 

38 

2 

>15' 

09b 

44 

, 3 

14 

9Sa 

52 

3 

0 

989 

21 


1 66 

119a 

41 

2 5 

3 4* 

99b 

36 

4 5 

>4 5* 

99b 

10 

5 0 

18 

29a 

48 

6 0 

22* 

99b 

64 

€ 0 

0 

98a 

62 

6 5 

4 7* 

99b 

56 

7 

11 

9Sa 

58 

7 

2 9* 

igga 

47 

8 

7 0 

85 

45 

10 

10 

29a 

56 

13 

9 

, 99a 

39 

13 

11 

1 09a 

52 ! 

14 

7 

9Sa 

38 

19 

18 

29a 

45 

20 

7 

29a 

45 

21 

11 

29a 

46 

22 

11 

29a 

43 

22 

8 

gga 

45 

26 

3 

99a 

54 

33 

3 2 

85 

5C 

36 

5 8 

119a 

* Values on a 

liter basis 




The decreases in androgenic material in old age, which appears to be 
of the order of at least 75%, may well indicate both a decreased function 
of the gonads and of the adrenal cortex 
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4 Eunuchoid and Castrate Men 

Table VIII is a summary of unnaiy assays on eunuchoid men ranging 
m age from 18 to 56 years The data are arranged according to chrono- 
logical age A relatively large variation in androgens and 17-keto- 
steroids is apparent Thus androgen levels from as lovr as 1 1 U /day to 
80 I U /day have been reported, and 17 ketosteroid levels of from 3 to 
more than 13 mg /day In general the values for androgemc matenal 
are lower than normal With respect to 17-ketosterojds, the levels in 
eunuchoid men are usually less than one-half the amount excreted by 
normal men 

Castrated men still excrete androgens, but the amounts are lower than 
those for normal men and eunuchoid men (Table IX) The few values 
reported for 17 ketosteroids in unne of castrated men indicate amounts 
of the order of that found for eunuchoid men The mean androgemc 
excretion by castrated men is of the order of 10 1 U /day, or one sixth 
that of normal men No apparent correlation has been observ ed between 
the titer of androgens m the unne and the time since castration 


5 Hypogonadal and Ovaneetomtted 11 omen 
In eunuchoid women, a decrease of approximately one third m 
17<'ketosteroid values has been observed (Table X) No pertinent data 
on androgen excretion have been reported 


TABLE X 

Escattw'i o» Akdrooeks ako 17 KetosrWKims in Vaist or ECHvcaoin VToutN 


Age yr 


17 Eetosteroida mg /day 
(Ref 85) 


16 

18 

IS 

18 

20 

21 

21 

24 

25 
27 
29 
29 
32 

32 

33 
35 


3 5 

4 7 
4 8 

7 2 
4 7 
2 2 
2 0 

8 1 
6 0 

14 3 

8 3 
4 2 

4 4 

9 2 

5 0 
11 4 


Studies on ovanectomized nomen present a rather complex story 
The 17 ketosteroids m the unne of ovanectomized women as determined 
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by Callow indicate no change, when all the data are considered, from 0 03 
to 4 0 3 ears after operation During the same period, however, the 
androgens appear to have been decreased to one half the normal values 
No striking difference appears to have been found between the penod 
immediately follow ing operation and, after a number of years, for either 
the androgens or 17-ketosteroids 

TABLE XI 


Excretion or Androgens and 17'Ketosteroids in Otariectomized Women 


Years smce 
operation 

Age 

l7*Kelosteroids 
mg /day 

Androgens 

I U /day 

Ref 

0 03 (9 days) 

30 

0 0 


98a 

0 03 (11 days) 

35 

7 8 


OSa 

0 034 (12 days) 

37 

14 4 


OSa 

0 034 (12 days) 

41 

21 0 


gsa 

0 04 

45 

A, 5 9. B, 11 1 

A. 10, B, 22 

29a 

0 04 

38 

A, 10 6, B, 8 6 

A, 5, B, 36 

2ga 

0 06 

53 

5 4 


29a 

0 08 

34 


13 

29a 

0 12 

27 

6 5 

17 

29a 

0 16 

38 

9 0 


29a 

0 25 

22 

6 8 


29b 

0 83 

32‘ 


17 

29a 

0 58 

34 

34 


98a 

0 75 

19 

6 2 

24 

29a 

1 00 

43 


14 

29a 

1 00 

56 



29a 

1 00 

33 

11 8 


85 

1 00 

30 

11 9 


85 

1 00 

45 

7 0 


85 

1 33 

33- 

10 0 

59 

29a 

1 50 

33‘ 

7 4 

6 

29a 

1 5 

54 


4 S 

29a 

1 67 

45 

4 9 


85 

2 0 

32 

5 0 

2 5 

29a 

2 0 

27 

9 2 


85 

3 0 

32 

33 


OSa 


53 

5 5 

12 

29a 


23‘ 

19 4 

135 

29a 


23* 

21 4 

63 

29a 


23 

53 


98a 


42 

60 


gsa 


21 

43 


9Sa 


45 

25 


9Sa 

16 

48 

23 


gSa 


• Same patient 
^ Same patient 
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On the other hand, studies by Hamblen's group indicate great 
increases m 17 ketosteroids following ovariectomy Some time after 
ovariectomy, these workers reported increases up to 300 and 500% 
These data are tabulated m Table XI 

6 Addison's Disease 

In Addison’s disease, m both male and female patients, androgens 
and 17-ketosteroids are decreased In male patients, the excretion of 
l7-ketosteroids is approximately one third that of normal indi\nduals 
whereas the androgens appear to be approximately 50% of the normal 
values (Table XII) 


TABLE Xll 

Excbetiov op Andbogevs and 17 Ketosteroids iv Urive op Addisox s Disease 
Pattents 


Age 

range 

Sex 

No of 
patients 

17 Ketosteroids, 
mg /day 

Androgens 

I U /day 

Ref 

21-34 

M 

9 

8 5 (1 3 to 12 0) 



18-38 

M 

3 


26 (20 to 30) 



M 

3 

4 9 (3 5 to 7 6) 

16 (7 to 23) 


33-38 

M 

3 

2 7 (2 1 to 3 5) 


85 

23-64 

F 

5 

<0 S 


85 


F 

4 

5 0 (2 7 to 7 5) 

18(10 Sto 26) 

28a 

30-38 

F 

2 

3 1 (1 3 to 4 4) 



7U 


In women, Addison’s disease appears to decrease the androgenic 
titer approximately 70%) while the concentration of 17 -ketosteroids is 
decreased to approximately one third How ever, one group of w orkers 
(85) claims that m w omen with Addison’s disease no 17 ketosteroids are 
excreted (Table XII) 

7 Pttutlary Abnormalities 

In pituitary insufficiency, extremely low values for 17 ketosteroids 
have been found for both male and female Unnary androgens haie 
been studied in only one patient wath pituitary msuBiciency and in this 
patient the values were extremdy low (Table XIII) 

The quantity of 17-ketosteroids in the unne in acromegaly appears to 
be highly \ enable Of the six patients reported, tw o show ed low \ alues 
while two showed shghtly mcreased amounts The single male patient 
had a low normal value (Table XIV) 

In women with Cushing’s syndrome (basophilism) without demon- 
strable tumor of the adrenal cortex, there appears to be a significant 
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increase in 17*ketosteroids \nth a tendency toward a decrease in andro- 
gens The urines of onli* two patients ha\e been assayed for androgens 
(Table XV) 

TABLE XIII 


I-jccBETiON or Andeooevs and 17-Ketosteroids in PrnriTART Insofpicienct 


No. ot 
patients 

Sex 

Age 

17-Ketosterotds, 
mg /day 

Androgens, 

lU/day 

Ref 

1 

M 

42 

2 6 

0 S 

2&i 

1 

M 

18 

0 6 


76 

I ! 

M 

30 

1 6 


143 

7 

M 

14-55 

<0 5 to 1 S 


85 

7 

F 

20-45 

<0 5 


85 


TABLE XIV 

Excretion or IT-Ketosteboids iv Acroueoalt 


Sex 

Age 

17-Kel08teroids, 
mg /day 

1 

Ref 

F 

26 

15 1 

217 

F 

23 

4 5 

85 

F 

30 

20 4 

217 

F 

35 

10 2 

85 

F 

41 

3 6 

85 

F 

43 

10 6 

65 

M 

31 

8 3 

85 


TABLE XV 

Excretion or Androoens and 17 -Ketosteboid 5 in Coshikq's Stndroue 
(Basopriusm), ritrodt Tuuobs or Adrenae Cortex 


Sex 1 

No of 
subjects i 

Age 

17-KeU>3teroid3, 
nig /day 

Androgens 
lU/day i 

Ref 

F 

2 

26-43 

13 (11 2 to 14 8) ! 


207b 

F 

1 

12 

15 

14 

4Ia 

F 

1 

33 


6 

4Ia 

F 

17 

16-36 

20 9 (9 3 to 60) 


217 

F 

3 

26-49 

13 9(10 4 to 19 7) 


85 


8 Thyroid Disease 

Hyperthyroidism appears to cause a decrease in androgen and 
17-ketosteroid excretion in both men and women (Table XVI). From 
the available literature, there appears to be a greater percentage decrease 
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in the female than in the male. A. amilar situation was found with 
respect to myxedema, but the percentage decreases for both men and 
women were proportionately greater. Thus for women suffering from 
myxedema, a decrease of as much as 84% has been obser\'ed 


TABLE XVI 

Excretion op Andbooevs and 17-Ketosteroids in TeTson) Disease 


Diagnosis 

No. of 
patients 

Sex 

Age 

1 

17-Kctosteroida, 
mg /day 

Androgens, 
I U /day 

Hef 

Hyperthyroidism 

3 

F 

20-38 ' 

3 6 ' 

2 

29a 


11 

F 1 

25-67 

7 2 


76 


5 

P 

28-74 

2 S 


85 


2 

F 

20 

7.7 

2 

3a 


2 

M 

38-<0 

8 6 

69, > 44 

29a 


11 

M 

24-63 

10 4 


76 


6 

M 

32-51 

8 8 

6.4 

3a 

Myxedema 

7 

F 

33-67 

1 8 


76 


6 

F 

14-^ 

1 3 


85 


2 

M 

39-51 

4 3 


76 


9 Testxcular and Embryonic Tvmors 
A survey of the concentrations of l7>ketosteroids In the urines of 

individuals suffenng from various testicular and embryonic tumors is 

presented m Table XVII. In one case of interstitial cell tumor, a value 


TABLE XVII 

Excretion op IT-Ketosteboids in Individuals with Various Testicular and 
Eubbtonic Tuhdbs 


Diagnosis 

Age 

Sex 

No of 
patients 

17-Ketosteroids, i 
mg /day ' 

Ref 

Interstitial cell tumor 

41 

M 

1 

1015 

212 

Chononepithelioma 

32 

F 

2 

23 

217 


22-24 

F 

2 

8 9 

71a 

Teratoma testis 


M 

1 

28 6 

217 


21-29 

HI 

2 

22 9 

71a 

Macrogenitosoma? : 

3-15 

Bl 

2 

11 4 

217 

Hydatiform mole 

26 

El 

I 

7.3 

7Ia 

Seminoma 1 


H 

4 

21 4 

217 


of 1015 mg /day of 17-ketosteroids was found. In teratoma testis the 
mean of three cases seemed to indicate a slight increase in 17-ketosteroids 
Two cases of macrogenitosoma in prepubertal boys indicated a level of 
17-ketosteroids equivalent to that found in normal boys of this age 
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group In four cases of seminoma, there appears to be an increase of 
50% in 17-ketosteroids above the levels in normal men 

The levels of 17-ketosteroids m women suffenng from chononepi- 
thelioma and hydatiform mole appeared to be wthm the normal range 

10 Precocious Puberty 

Various types of precocious puberty in children are presented m 
Table XVIII 

TABLE XVIII 

ExCBZnON or 17 -KeTOSTBBOI 1)3 IM Cf!IU»BEN WITH Fbecociovs Pcbertt oh 
VlBtUSU 


Sex 

Age 

Remarks 

17 Ketosteroids, 
mg /day 

Ref 

Yr 

Mo 

F 

4 

0 

Breasts acd uterus enlarged 

8 0 

162s 

F 

4 

1 

Brcaata enlarged 

4 0 

162a 

F 

6 

6 

Perns Lke chtoru 

9 3 

217 

F 

6 

8 

Meases at 6 yr , 6 mo 

6 8 

lC2a 

F 

7 

1 

Menses, breasts enlarged 

6 0 

162a 

F 

7 


Vinlism 

00 

217 

F 

9 


Precoaous puberty 

30 

217 

P 

9 


Menses 

8 4 

217 

F 

10 

6 

Mnbam 

140 

217 

F 

10 

S 

Baaopbiltsffl 

21 

217 

F 

11 

2 

Menses at 10-11 yr 

10 

162a 

F 

13 


Vinlism 

13 

217 

F 

13 


Precocious puberty 

19 8 

217 

M 

4 

3 

Precocious 

3 5 

162a 

M 

11 

1 

Precocious 

15 7 

162a 


II Hirsutism 

Androgemc and 17-ketosteroid assajs in hirsute women are hsted 
in Table XIX This rather heterogeneous group of patients have an 
increased 17-ketosteroid excretion of the order of 100% while androgens 
appear to be within the normal range 

12 Omnan Tumors 

The question of concentrations of androgens and 17-ketosteroids in 
patients with ovanan tumors has not been satisfactonly answered In 
Table XX some studies art listed in which no increments of 17-keto- 
steroids w ere found in a case of sirhenoblastoma and a case of disgermi- 
noma However, one worker (Warren, 1944) reports an “ovanan 
tumor” patient who excreted 158 mg /day of 17-ketosteroids 
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tabu: XIX 

EzcRfiTioN or Androgens and 17 Ketosteboids in Urine of Hirsute Women 
mTHOOT Knows Adrehal Cortical Htperactwitt 


No o! 1 
patients 

Age 

Bemarks 

i 

l7-Ketosteroid8, 
mg /day 

Androgens, 
I U /day 

Ref 

20 

19-30* 

"Adrenal vmlism’ — no 
tumor 

22 (5 9 to 37) 1 


217 

11 

20-36 

Hirsutism 

16 (3 4 to 33) 


217 

67 


1 Hirsutism 

(6 4 to 33 4) 


1173a 

5 

20-35 

^ ^^lld hirsutism of un- 

29 (20 to 35) 


71a 



1 known origin 

(7 5 to 30) 

1 

3Ia 

15 

1 17-36 

1 Husutism 

1 

' 47 (6-116) 

119a 


• Some with age not designated 

TABLE XX 

Excretion or Androoens and 17 Ketosteroids in Women with Ovarian Tumors 


Diagnosis 

Age 

J7*KetosteToid8 
mg /day 

Ref 

Arrhenohlastoma 

SO ' 

1 

6 9 preop ' 

3 2 postop 5 wk 

85 

Disgerminoma 

19 

7 8 precp 

2 5 postop 

65 

“Ovarian tumor ’ 

1 31 1 

1 158 

! 217 


13 Adrenal Cortical Hyperactivtly 

The excretion of androgens and 17-ketosteroids in the urine of 
patients with adrenal cortical hyperactivity, which includes hyperplasia 
and tumors, is listed in Table 

The cases are listed according to age, with a range from one year to 63 
years Three patients are included for whom no specific age is desig- 
nated The highest titer of 17-ketosteroids obtained from the urine of a 
human being was found m the unne of a thirty-year-old woman suffering 
from adrenal cancer mth extensive metastases This urine contained 
2100 mg /day of 17-kelosteroids Over 700 mg of dehydroisoandro- 
sterone was isolated in pure form from the urine of this patient (74) 

14 Unne 17-Ketostermd Excretion t» Miscellaneous Condthons 

Bruger, Kosenkrantz, and Lowenstein (8), using the Friedgood and 
Berman method of l7-ketostenad deteimination, found a significantly 
lower 17-ketosteroid excretion in hypertensive women Thus fourteen 
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TABLE XXI 

Excretion oj- Antbooens and IT-Ketosteboids jw Uhins or Patients bith 
Adeenal Cortical Htperactivttt 


Sex 

Age 

DiagDosts 

17-Ket08teroids, 
mg /day 

Androgens, 
I U /day 

Ref 

F 

1 

Adreoal tumor 

3 0 


77 

M 

1 

Adrenal tumor 

3 0 


77 

M 

1 

Adrenal tumor 

2S 


173a 

M 

; 2 

Adduon’a disease, sdrcnogemtal 
syndrome 

15 


207b 

F 

3 

Adrenal tumor 

170 


77 

F 

3 

Adrenal cancer 

400 


61a 

M 

3 

Adrenal cancer 

34 


145b 

F 

3 

Pseudohennapbroditism mtb ad 
renal cortical hyperactivity 

13 5 


77 

F 

3 

Adrenal cancer 

160 


207b 

F 

3 5 

Adrenal tumor 

176 


85 

M 

4 

Hyperplasia 

IS 


207a 

M 

4 

Hyperplasia 

7 8 


207a 

F 

5 

Pseudohermapbroditism with ad 
renal cortical hyperacidity 

37 


77 

F 

5 

Hyperplasia 

19 2 


207a 

M 

5 

Hyperplaaa 

20 3 


207a 

M 

S 

Adnoal tumor 

27 


173a 

F 

S 5 

Pseudohermaphroditism with ad> 
renal cortical hyperactivity 

12 6 


85 

F 

6 

Hyperplasia 

16 7 


207a 

F 

6 

Adrenal cancer 

860 

2200 

41a 

M 

7 

Adrenal cancer 

275-420 


111 

F 

7 

Hyperplasia 

30 


207b 

F 

8 

Hyperplasia 

17 


207b 

F 

8 

Adrenal cancer 

83 

350 

218 


S 

Hyperplasia 

29 2 


85 

F 

9 

Hyperplasia 

25 2 


207a 

M 

9 

Hyperplasia 

33 4 


207a 

F 

10 

Adrenal cancer 

325 


85a 

F 

11 

Hyperplasia 

23 4 


207a 

F 

11 

Hyperplasia 

29 


207b 

F 

12 

Hypertrophy 


93 preop 

68a 

F 

13 

Hyperplasia 

23 4 


207a 

F 

13 

Adrenal cancer 

133 


207a 

F 

16 

Adrenal cancer 

11 36 


85 

F 

16 

Adrenal tumor 

54 6 


77 

F 

17 

Adrenal cortical adenoma 

160 


l2Sa 

F 

19 

Pseudohermaphroditism with ad 
renal cortical hyperactivity 

75 2 


77 

F 

21 

Adrenal tumor 

240 


77 

F 

23 

Pseudohermaphroditism with ad- 
renal cortical hyperactivity 

60 


207b 
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TABLE XXI iConMvtS) 


B 

m 

Diagnosis 

17 Ketosteroids, 
mg /day 

Androgens, 

lU/day 

Hef 

F 

[23 

Enlarged adrenals 

72 4 


85 

F 

25 

Adrenal cancer 

367 


3a 

F 

' 25 

Adrenal tumor 

215 


2a 

F 

25 

Adrenal cancer 

64 

145 

41a 

F 

1 25 

Adrenal tumor 

131 


77 

F 

28 

Adrenal tumor 

61 


3Ia 

F 

1 30 

Adrenal cancer 

2100 


71a 

M 

34 

Adrenal cancer 


50-100 

13a 

F 

34 

Adrenal tumor 

270 


173a 

F 

' 33 

Adrenal tumor 

1 53 


31a 

F 

40 

Adrenal cancer 

126 


217 

F 

41 

Adrenal tumor 

77 


31a 

F 

42 

Adrenal cancer 

690 

1 

217 

F 

45 

Adrenal tumor 

1 h4t) 

1 

1 77 

F 

46 i 

Adrenal cancer 

1 516 

1 

71a 

F 

54 

Adrenal cancer 

1 83 


217 

F 

66 

1 

Adrenal cancer and Cushing's 
disease 

' 74 


85 

P 

61 

Adrenal tumor 

17 S 


31a 

P 

63 

Adrenal tumor 

45 6 


77 

F 

Adult 

Adrenal tumor 

170 


173a 

F 

Adult 

Adrenal tumor 

47 


207a 

F 

Adult 

Adrenal cancer 

74 


207a 


normal females between the ages of 20 and 76 excreted 14 2 ± 4 0 mg 
of 17 ketosteroids as compared with a value of 8 4 ± 4 3 mg for forty 
hypertensive omen between the ages of 28 and 70 years Warren (217) 
descnbed a 38-year old woman with cancer of the splemc flexure of the 
colon, who excreted 80 mg /day of 17 ketosteroids Apparently this 
n as a pnraary lesion, although no further information is included 

In a detailed study (155), it was observed that diabetics of all age 
groups tend to excrete significantly smaller amounts of 17-ketosteroid3 
than normal individuals However, the authors were unable to find 
any correlation between the level ^ unnary 17-ketosteroids and the 
seventy of the disease 

The question of androgen and 17-ketosteroid excretion in pregnancy 
has been studied Ham (98) observed a decreased excretion of andro- 
gens in human pregnancy, while Pearlman and Pincus (174) report 
no significant changes m the titer of unnaiy 17-ketosteroids dunng 
pregnancy 

The changes m androgens and 17-ketosteroids have been studied in 
starvation and anorexia nervosa The unnary androgen concentraficn 
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decrea'fid from 100 I U to 40 I U /daj m a normal male dunng a four- 
daj fast, -nhile the 17-ketostermds in the ketomc fraction decreased from 
23 mg /daj to 9 6 mg and returned to 24 5 mg Lo^ le^ els of i7-keto- 
steroids ha^ e been found m anorexia nervosa (85) 


TABLE XXn 

SouuABT OP Akdbogbns AMD 17 Ketdstesoids Df HcuAM Urini;3 


Males ^ 

Females 

! 

Status 

Per cent of adult 
male levels 

Status 

Per cent of adult 
female levels 

Andro- 
gens ■ 

17 Keto- 
steroids 

Androgens 

17 Keto- 
sferoids 

Boys, S yr 

3 

S 

Girls, 5 yr 

6 

5 

10 yr 

10 

10 

10 yr 

10 

15 

14 yr 

20 

SO 

14 yr 

25 

60 

Old men 

IS 

30 

Old women 

25 


Castrated men 

40 

17 




Eunuchoid 

40 


Eunuchoid 

33 





1 Ovanectomised* 

50 

100 

Addison’s disease 

SO 

38 

1 Addison’s disease 

70 

36 

Pituitary insuS- 



Pituitary insuS 



eieney 

3 

5-10 

aeney 


10 




Cushing’s syn* 






drome* 

40 

163 

Hyperthyroidism 

SO 

80 

: Hyperthyroidism 

10 

60 

Myxedema 


57 

Myxedema 


16 

Interstitial cell tu- 



1 Chononepitbel 



mor of testis 


10,000 

loma 


100 

Semmoma 


ISO 

Hydaliform mote 


100 

Teratoma testis 


133 

Hirsutism (with 






out tumor) 

100 

200 

Maerogenitosoma 






(prepubertal 






boys) 


100 







j Adrenal cancer 

Up to 4000 

Up to 20 000 


* Callow 

‘ Basophilisin, witliout adrenal tumor 


15 jSimmort/ of Changes tn Androgens and H-Keloslerotds tn Human 
Urines 

Table XXII is a summary of the concentrations of androgens and 
17 -ket 05 teroids in the unnes of normal and diseased human beings 
The table is presented to illustrate ^elatl^e magnitudes, rather than to 
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give a stnct range of concentrations of these substances m the various 
conditions 

B Androgens and 17-Ketosteboids in Urines Other than Human 
1 Stalbon, Ram, Bull, and Ral Unne 

Although man is unique in the rather high amounts of androgens 
excreted in his unne, androgens have been detected m the urine of other 
species Stalhon unne has been found to contain 8 I U /I , ram unne 
4 1 U /I , while bull and rat unne have been shown to contain less than 1 
I U /I (121) The unnes of two pnmates other than man have been 
studied, the chimpanaee and the monkey 

The unnes of two species have juelded crystalline androgens in low 
yields Dehydroisoandrosterone has been isolated in yields of the order 
of 0 01 mg /I of bull and cow unne (136) From the same unnes, this 
investigator also isolated androsterone 

2 Cfttmponzcc Unne 

Androgens have been studied m the unne of two adult female and 
four adult male chimpanzees (81) One female excreted between 2 and 
4 5 I U /day with a mean of 3 1 I U The second varied from 1 6 to 
8 I U with a mean of 3 7 I U The mean value for four normal adult 
males was 6 8 I U with a variation from 3 to 13 5 7 U /day 

3 Monkey Unne 

Rather more complete data have been presented for the concentra* 
tions of androgens and 17-kctostetoids in the unne of monkeys Table 
XXIII IS a summary of the androgen and 17-ketosteroid excretion m 
normal adult male and adult female monkeys, immature monkeys of 
both sexes, and pregnant monkeys 

TABLE XXllI 

Excbetiom or ANDBOoeys and 17 Ketostebozds in Ubine or Rhescs MovxEre 


Sex ' 

Status 

No of , 
animals 

Androgens, \ 
lU/day 

17 Ketosteroids, 
mg /day 

(ketonic fraction). 

Ref 

F 

Immature 

2 

<0 05 


64,72a 

M i 

Immature 

2 

<0 05 


64 72a 

F 

Adult 

6 

2 2 


73 

F 1 

Adult 

4 

1 2 

1 6 

6S 

M 

Adult 

3 

2 6 


'72a 

M 

Adult 

5 

2 1 

2 0 

68 

F ' 

Prcpiant 

3 

5 9- 


73 


• Minimum value since 10 of 26 assays were mmimum due to lack of extract 
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In studies on monkejs, Dorfman and Van Wagenen (73) found an 
increase in androgens during pregnanc> Although the estrogen concen- 
trations dropped to the normal levels immediatelj postpartum, the high 
le\els of androgen excretion persisted for about one month The 
increased androgen excretion m pregnant animals was of the order of 
300% 

In a study on the source of androgens and 17-ketosteroids in monkej’s, 
the excretion of the&e substances was studied m fi\e female and four 
male intact monkejs and after gonadectomy or adrenalectomy, or after 
gonadectomj and adrenalectoroj After gonadectom} , the unnary 
excretion of 17-ketosteroids usually (but not invariably) increased 
during the firit postoperative week This was followed by a secondary 
decrease in 17-ketosteroids either to the preoperativ e lev cl (m the female) 
or to a value below the preoperative level (in the male) The excretion 
of androgens decreased after castration in male monkejs Ovariectomy 
resulted vn a decreased androgen excretion in one female monkey and no 
change in a second female (C8) 

Even after the remov al of the gonads and adrenals both the male and 
female monkeys continued to excrete about one third the preoperative 
level of 17-kctosteroids and androgens Since all the adrenalectomiied 
gonadectomized ammals died of adrenal m«ufhcienc> and since no 
adrenal tissue could be detected at autopsj, the possibility exists that 
there may be an extragonadal extraadrenal source of 17-ketosteroids 
and androgens (C8) 

C COVCENTRVTION OF AndROOENS IN B1.OOD 

No extended study on the concentrations of androgens or androgen 
metabolites in blood has been reported However, certain preliminary 
evaluation may be made on the basis of the reported data Although 
earlj reports (15,16) claimed that the oral administration of as httle as 
5 ml of bull, ram, or stallion blood per day for 10 daj s caused sigmficant 
androgenic stimulation in capons, Wter workers found extracts equiva- 
lent to 300 to 600 ml of bull s blood necessarj for comb grow-th in the 
capon (220) Androgens hav e been found in human blood bj tw o groups 
of workers (122,147) In one study, ether extracts of blood were found 
to giv e capon comb stimulation at the equiv alent of 50 ml of blood In 
the other stud} 136 ml of blood equivalent were found neces-'arv 

VI. Metabolism of Androgens 
A Absorption of A’vdroo'ens by V vrious Routes 

Although early investigators maintained that androgens were not 
absorbed from the gastrointestinal tract, it was demonstrated by Dorf- 



518 


RALPH I DORniAH 


man and Hamilton (Cl) that the androgen testosterone was indeed 
absorbed but that the biological response by this route was approxi- 
mately one sixth of that found after intramuscular injection In later 
studies by these workers it was demonstrated that other androgens, 
such as androsterone, deh^droisoandrosterone, androstenedione-3,17, 
androstanedione 3,17, and androstanediol-3(a),17(ar), may be absorbed 
from the gastrointestinal tract, as e\idenced by considerable excretion of 
androgenic substances in the unne of indi\iduals receiving these andro- 
gens by mouth (66) 

In a study designed to compare the rates of absorption of testosterone 
propionate from the gastrointestinal tract by intramuscular injection and 
by pellet implantation, it \\ as found that a dose of testosterone propionate 
administered orally or intramuscularly caused a significant n«e in unnarj 
androgens wnthin tw o hours of the time of administration Intramuscular 
admimstration did not result in as great an increase in unnary androgens 
immediately but resulted in a longer continued excretion of andro- 
gens Twenty mg of testosterone propionate m a single intramuscular 
injection m oil increased the liter of the unnary androgens m a castrate 
with xery low excretion of androgens (3 I U /day) to a titer equivalent 
to 34 I U /day for about 24 hours Between the thirty-ninth and forty- 
eighth hours after hormone admimstration, the urinary androgen level 
decreased to about 12 I U /day (C7) 

In the same studies it was found that the implantation of four pellets 
(280 mg ) of testosterone propionate maintained a level of 34 I U /day 
(value equivalent to that of normal man) for six weeks, in a castrated 
man whose pretreatment values were approximately 8 I U /day Dur- 
ing this six-week period, the patient was free of symptoms 

The intramuscular administration of the same amount of testo- 
sterone propionate in oil could be expected to produce the same effect 
for only three w eeks Further, it should be mentioned that after eight 
weeks the patient receiving pellets was excreting androgens at the rate 
of 16 lU /day, which still represented a 100% increase above the con- 
trol level The mean surface area of each pellet w as 42 mm * 

Dcanesley and Parkes (50) have shown that mtramuscular or sub- 
vrrifJA.'nXtd naAvt-ah. x>m, tmVy -s’lWiAy 

but efficient m effect on the oigamsm Hamilton and Dorfman (99) 
w ere able to confirm Deanseley and Parkes in a study comparing the 
effects of testosterone propionate crvstal implantation wnth injection 
in various solvents The test object was the chick’s comb When 20 
mg of androgen was employed, a sinking effect was obtained for 71 
days with crystals, as compared with les^^er effects with beef tallow, 
palmitic acid, peanut oil spermaceti wax, and mineral oil preparations 
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Peanut oU, an example of the oils usually employed as solvent in clinical 
therapy and laboratory experiments, showed much less intense effect 
than the crystals, and for only seventeen days 

In studies on the absorption of pellets of testosterone and its esters, 
Emmens (75) was able to show a remarkably steady rate instead of the 
sharp decrease theoretically expected This is explained on the basis of 
irregularities which develop on the surface of the pellet He was also 
able to show that pellets of testosterone esters have a decreased rate of 
absorption as compared with the free compound 

Androgens may be absorbed directly through the skin (157) Sub- 
lingual administration al’Mi appears to be effecU% e A review of these 
studies has been published by Comer (40) Androgens appear to be one 
fourth as active by the sublingual route as b> intramuscular admims 
tration Miescher and Gasche (149) found that sublingual admimstra- 
tion of testosterone and methyltcstosterone to castrated rats was twenty 
to thirty times more effective than administration by stomach tube 
These studies were done with alcoholic solutions 

B Anabolic Considerations 

The metabolism of androgens may be considered in two categones, 
namely, the anabohsm and the catabolism Further, m these sub- 
dmsions we may consider the different androgens according to their 
origin and structure With respect to the anabolic phase, little is known 
at the present time Some preliminary work has been done m which 
various androgens have been perfused through the testes and the result- 
ing change in biological activity has been studied (45) Testosterone 
added to blood which was perfused through bull’s testes caused 
no increase in androgenic potency When dehydroisoandrosterone 
(111), A*-androslenedione-3,17, (XXIl) or A* androstenediol-3(^),17(«) 
(XXVIII) were added to the blood, the perfusate contained increased 
amounts of androgens Although metabolic changes probably did take 
place, no decisive conclusions may be drawn from these experiments 

Our knowledge of the metabohsm is mostly limited to studies of 
tissue hormones, urinary excretion products and experiments involving 
administration of various andrt^ens and determination of the unnary 
excretion products No isolations of blood constituents have thus far 
been announced 

The structure of the unnary steroids must be considered from the 
standpoint of the methods used for their isolation The methods 
involving rather drastic conditions such as strong mineral acid and heat, 
often produce artifacts of dehydration and substitution and may produce 
artifacts of degradation 
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C Catabolic Constderatiovs 
1 AfetofcoZtsm of Te$toslerone 

The metabolism of testosterone has been studied extensively Begin* 
nmg mth early demonstrations that the administration of testosterone 
resulted in increased excretion of btologicalSy active material in the urine, 
this work has led to the isolation and identification of some of the trans 
formation products That testosterone administration either orally or 
by intramuscular injection gives rise to increased excretion of androgens 
and 17 ketosteroids in the unne has been shown for men by Dorfman 
and Hamilton (63), Callow el al (29) and Hoskins and Koch (118) 
This conversion is also true for the rat (56), the guinea pig (CO), the 
monkey (64) and the chimpanzee (80) 

The findings of Callow (27) and of Dorfman, Cook, and Hamilton 
(59) — that at least a portion of the administered testosterone may be 
accounted for by the conversion to the biologically active androgen, 
androsterone — showed the relationship between the tissue hormone and 
a urinary constituent In addition to androsterone, it was also shown 
that two other isomers result from the metabolism of testosterone, 
namely, etiocholanol 3(a)*one-l7, by Callow (27) and Dorfman and 
Hamilton (66), and isoandrosterone by Dorfman (57) Androsterone, 
etiocholanol 3(a) one 17 and androsterone have been isolated from the 
urine of the chimpanzee after the administration of testosterone by Fish 
and Dorfman (80) The administration of testosterone to a normal 
woman has resulted m the excretion of the same metabolites with the 
possible addition of androstanediol 3(a), 17(a) (198) However, the 
latter substance w as isolated in such small > lelds that it is not certain 
whether this androgen was present as a normal metabolite or whether 
it arose as a result of the administered testosterone (XXV) 

The isolation of urinary 17-ketosteroids after the administration of 
testosterone (XX^ ) to a xanety of subjects and species is summarized 
m Table XXV For these studies hypogonadnl and castrated men a 
normal woman the pregnant monkey, the male chimpanzee, and the 
male guinea pig haxe been employed Four 17 ketosteroids have been 
identified A*"*-androstenone 17 (XXVI, page 487) (an artifact of 
androsterone) androsterone (I, page 483), isoandrosterone (XI\ , page 
483) and etiocholanol 3(a) one 17 (X\III, page 483) The conversion 
of testosterone to androsterone (I) has been realized m hypogonadal and 
castrated men a normal woman, the pregnant monkey and the male 
chimpanzee Etiocholanol 3{tt) one-17 (X^ HI) has been isolated after 
treatment with testosterone (XXV) in male hypogonads, a normal 
w Oman, and the male chimpanzee In one experiment in a hypogonadal 
man, isoandrosterone has been isolated 
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The admmistration of testosterone (\>L^ ) to male guinea pigs 
resulted in the excretion of isoandrostcrone (\IS) (60) Even alter 
the administration of androsterone (I) isoandrosterone (\It ) nas 
recoi ered in the urine (70) 


TAm,E \XIV 

Isolation or 17 Ketosteroids afteb Administration or Testosterone 
Propionate 


Subject 

Test© 

aterone 

prop© 
Date 
adm Q 
istercd 
mg* 


17 Ketostero ds isolated m % 

of 

admin 
IS Ira 

tion 

a 2 or 3 
andr© 
stea 

one- 

17 

sterone 

Iso- 

andro- 

sterone 

1 

Etio- 

chol 

anol 

3(o) 

one-17 

Ref 

Male hj’pogonad 

sot 

1 Oral 


8 



59 

Male hj-pogonad 

300 

IM 


9 



5) 

Male castrate 

250 

Oral 


6 




Male hypogo&ad 

543 

I M 


n 


10 7 

27 

Male Hypogonad 

1002 

IM 


15 


4 0 

56s 

Rhtsui monkey (pregnant) 

1002 

Subcu 


2 2 



116a 

Male guinea p g 

663 

Subcu 



2 4 


60 

Mate hppogoiiad 

300 

IM 



11 7 


57 

Male ehunpaiuee 

2500 

Oral 

4 7 

2 1 1 


0 8 

80 

Normal human female 

1002 

I M 

3 4 

14 6 1 


10 1 

198 


* Expressed as free tesCosteroae 


In bile fistula dogs (173) it uas found (hat a s ngic injcctioa of andro. 
sterone testosterone or methyltestosterone uas followed by excretion 
of androgenic matenal in the bile Oral administration of large amounts 
of testosterone propionate to a uoman mth a bile Gstula did not result in 
significant excretion of androgens or 17 ketosteroids m the bile but the 
usual mcreased unnary excretion of these constituents uas found (72) 
Study of the melabolism of testosterone (XXV) and the three isomers 
androsterone (I) etiocholanol 3(o) one-17 (X^ III) and isoandro- 
sterone (\n ) reieals a total of tweUe possible intermediates (Figs 18 
19 and 20) Ofllj h'e d reel intermediates ha\e been studied in addi 
tion to testosterone and androsterone 

In Fig 18 n e ha> e represented the SIX possible direct mtennediates 
between testosterone (W^ ) and androsterone (I) Three of the possi 
ble intermediates have been studied m hj^pogonadal men with the 
demonstrat on that the> are converted to androsterone (I) Thus the 
administration of androstanediol 3(a) 17(o) (\LIII) to a 26-year old 
eunuchoid and to a surg cally castrated male yielded androsterone (I) 
m both cases The administration of both A*-androstenedione (XXII) 
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and androstanedione-3,17 (LXX) to a eunuchoid yielded androsterone 
(I) In a more recent study it was found that intramuscular adminis- 
tration of A^-androstenedione-Sjl? (XXII) to a fifty-year-old male 
showing the Laurence-Moon-Beedl syndrome gave nse in the urine to 

OH 



AHOROSTERONe 

Fia 18 — Possible direct intermedistes between testosterone and androsterone 


the excretion oi 'large amounts ol A'®»'-androsterone-17, androsterone 
(I), and etiocholanol-3(a)-one-17 (XVIII) (73} 

The SIX possible direct isomers betneen testosterone (XXV) and 
etiocholanol-3(c«)-one-17 (XVIII) are represented in Fig 19 The 
administration of both testosterone (XXV) and A*-androstenedione- 
3,17 gave nse to etiocholanol-3(ff)-one-17 

Fig 20 illustrates the theoretical direct conversion of testosterone 
(XXV) to isoandrosterone (XIV) One of the possible pathways is 
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through dehydroisoandrosterone (III) That this may happen seems 
unhke\y smce the admimstration of deh> droisoandrosterone (III) to 
men, guinea pigs, and rabbits has not resulted in the excretion of iso- 
androsterone (XIV) but instead to androstcrone (I), etiocholanol-3(a)- 
17-one (XVIII), and A*-androstenediol-3(^f), 17(a) (XXVIII) 


rcsTosTCRONe 



fT10C»WU«tWl-3W-OI*C-IT 

Fia 19— Possible direct intermediates between teato^terone and etiocholacol 3(o)- 
onc-17 

The twelve direct pu^Mblc intermediates between testosterone (XX\ ) 
and androsterone (I), eliocholanol 3(tt) one-17 (XI III), and isoandro- 
sterone (XIV) are dehj droisoandrosterone (III), androstenedione-3,17 
(XXII), A* androstenediol 3(^), 17(a) (XX^ III), androstanediol- 3(a), 
17(a) (XLIll), androstanol-17(a) one-3 (LXVII), A* andro^tenol 3(a) 
one-17 (LXVIII), A®-andro9tcnediol-3(a),17(o) (lAIX), androstanedione 
3,17 (LXX), etiocholanedione-3,17 (LXXI), etiocholanol 17 (a) onr 
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(LXXII), etiocholanediol 3(a),17(a) (LXXHI), and androstanediol- 
3(d).17(«) (CX) 

OM 


TCSTOSTCIIONE 



ISOUtDROSTCnONe 

Fig 20 — Possible direct rntemcdiatcs betwecp testosterone and isoandrosterone 
2 jSignt^cance of A*-Slenol3 

The metabolism of dehydroisoandrosterone to A*-androstenediol-3 (^),- 
17(a) has been shown to be reversible Thus, in the guinea pig it has 
been shown that A*-androstenediol-3(^),17(«) can be converted to dehy- 
droisoandrosterone (152) Dehydroisoandrosterone can be converted to 
A* androstenediol 3C9),17(a) in man (114,143,154) and also to etio- 
choIanol-3(a) one-17 and androsterone (I) (Fig 21) 

An outhne of the interrelation between dehydroisoandrosterone 
(III) and testosterone (XXV) m bomans is represented in Fig 22 
AA-Androstenedione-3 17 (XXII) appears to play the role of the common 
intermediate probably being denved metabolically from both dehy- 
droisoandrosterone (III) and testosterone (XXV) All three presumably 
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would occur m the bodj \ relatuelj small amount of dehjdroiso- 
androsterone (III) finds its way into the unne The bulk of the 
dehj droisoandrosterone (III) is con\ erted to androsterone (I) and etiochol- 
anol-3(a)-one-17, the latter two compounds being excreted in the unne 



I XVItl 

AHOROSTCROKe CTieeHOLR-OL-S leO-OC- IT 

Fio 21 — Some meUboLc converatons of a^-3(0)-steQols 


A* Androstenetnol-3(^) 10 17 (\Ll\ ) has been isolated from 

unne, but its metabolic precursor is not kno\m Mason reports the 
isolation of a minute amount of the tnol after the administration of 
deh} droisoandrosterone (III) It has been suggested that the tnol maj 
be metabohcally related to deh^drol<^>androsterone in a manner similar 
to that previousl} ob'^r\ed for estnol and estrone (111,112) 

S P<K.tuWi Cwntcrswin of in Pbrjiahc. Exfxa'irjxsi 

Stemacb, Kun, and Peczenik (2(H) ongmally reported the appear- 
ance of estrogenic material in the unne of normal and castrated rats after 
the adnunistration of unnar> extracts and androsterone In a later 
paper, Stemach and Kun (203) were able to mcrea'® the excretion of 
estrogenic matenal m the unne of men after the injection of testosterone 
propionate In one case, the> reported an mcrease from 36 to 1200 
RU/1 after the mjection of 1 g testwterone propionate during a six- 
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'^eek period These assays were done on the total fraction Subsequent 
investigators (29,65,117) have shown that the increase in estrogens after 
testosterone therapy is m fact present m the phenolic fraction The 
effect can be produced m the absence of the testis Whether the effect 
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IS. by way of the adcenal cortex, is of caus^ open, bi qnestuin Laroche^ 
Simmonet, and Bompard (124) have claimed that no such transforma- 
tion occurs uhen testosterone propionate is administered to ovanec- 
tomized women 

4 Possihle Conversion of Adrentd Cortical Steroids to 17-Keloslerotds 
Some 27 neutral steroids have been isolated from the adrenal cortex 
(167) From the available evidence, particularly from studies on unnes 
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of patients with increased adrenal cortical acting’ and isolations from 
the unnes of gonsdectomized mdt\’iduals, it appears that 17-ketostcroids 
such as androsterone, etiocholanolone, dehydroisoandrosterone, iso- 
androsterone, and ll-hjdroTjandrosterone are denied, at least m part, 
from some of these adrenal cortical steroids 

The question of 17-ketosteroids arising from Cn compounds of the 
adrenal cortex is still a question more of speculation than experimental 
%enfication It is well known that the adrenal cortex contains primarily 
two kmds of compounds one, the 3(d)-bydrox} alio, and the second the 
A*-stenone type It has been suggested by Hirschmann and Hirschmann 
(112,113) that the A*-stenols maj be converted by dismutation to 3(d)- 
hydroxyallo compounds and A*-stenones The A*-stenone would be 
metabolized m a fashion similar to that of testosterone Howes er, the 
question of the fate of the 3(d)-hydrOTj'aIlo compounds is still open. 

If ne permit oursehes to make three assumptions, the metabohsm of 
adrenal cortical steroids to 17'ket06teroids can be considerably sunphfied 
These assumptions are as follows (7) that the body is capable of ruptur- 
ing the 17,20^1ycol or 17,20(a)-ketol with the formation of a 17*ketone, 
(fi) that the bod> is capable of converting a 3^) h>drox>aUo compound 
mto a A**steooae, and (3) that the body is capable of reducing the 
ll-hydroxy group to the h) drocarbon In some of tbe following discus- 
sions ell these assumptions are employed In others the second assump- 
tion IS not utilized. 

a S-Oxygen Compounds Hanng o SifiyBydroxydllo Configuration. 
Fig 23 illustrates the possible metabohsm of four S^vygen-substituted 
adrenal steroids to IT-ketosteroids The four compounds differ only m 
the state of oxidation of the carbons at C-1 1 and C-20, being hi droxy 
substitutions or ketones On removal of the side chain there is formed 
either ll-hydroxyisoandrosterone (XXIII) or 11-ketoisoandrosterone 
(LX) Assuming that tbe 3(d)-hydroxyaUo compounds may be de&at- 
urated to A*-3(d) hydroxy compounds, 11 hj droxy dehj droisoandro- 
sterone (LXI) and ll-ketodehydroisoandrosterone (LXII) iiould be 
formed Removal of thehydroxygroupalC-11 oill convert 11-hydroxy- 
{LX}) rrhich 

can be partly excreted unchanged and partly metabolized to androsterone 
(I) and etiocholanoW(o)-17-one (XtTII), probably by way of A*-andro- 
stenedione-3,17 (XXII) The latter steroid has previously been discussed 
as a common mtermediate in the metabohsm of both dehydroisoandro- 
sterone (ITT) and testosterone (XXIO* 

If the hydroxy group at 11 is not reduced, the 11-hydroxydehy droiso- 
androsterone (LXI) may be oxidized to A* androstenol-ll-dione-3,17 
(LXIII) with subsequent reduction to ll-hydroxyandro&terone (XL), an 
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androgen isolated from human urine, and etiocholanediol-3(of),n-one-17 
(LXIV), a compound as yet not isolated from urine Another possibility 
would be a similar set of metabolic reactions as described except for the 
presence of an 11-ketone derivati\8 m place of the 11 hydroxysteroid 
The end product under these conditions would be 11 ketoandrosterone 



For ID read (LXIT) 


(LXV) and the etiocholanol-3(a) djone-11,17 (LXVI) The latter two 
steroids have not as yet been isolated from urine 

If only two assumptions are made (1) that the glycol or (a) ketol 
configuration can be ruptured to form IT-lmtosteroids and (2) that the 
11 oxygen substitution can be reduced to the hydrocarbon, an altema 
tive scheme for the metabolism of the 30) hydroxyallo compounds can 
be postulated (Fig 24) Under these conditions androsterone (I) and 
11-hydroxyandrosterone (XL) would be the end metabolites 
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I * 


Fio 24 — Possible metsbolism of adrenal cortical steroids to 17*kctosteroids 


TO? 


i 'X 1 

,c6^ .0^ , 

*• I «»ll * HO- 


Fro 25 — Possible inptaboJjsw of adrenal rortica) steroids to I7-ketosterojds 
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5 6 Oxygen'^*~stenone Cowpwmdi Four adreual steroids which 
also contaia 5-oxygen substitutions, but having the A^-stenone configura- 
tion, are represented in Fig 25 The reduction of the a, (9 unsaturated 
ketone would presumably be effected in a manner similar to that for 
testosterone (XXV) Postulating reactions at C-11 and on the side 
chain similar to that discussed previously, the end products should be 
the same as previously described in Fig 23 


HO 


CMjOH 



CM 


0 





AHOnosrcAOHe 


XL 

ll-HTDROXVaHOROSTeXOMe 


Fio 26 — Possible metaboLam of an adrenal cortical steroid to 17 ketosteroidx 

c 5 OxygcnS{,a) hydroxyaUo Compound One compound isolated 
from the adrenal cortex contains the saturated 3Ca) hydroxyaUo con- 
figuration This compound, allopregnanetetrol-3(«),ll,17(/3),21-ODe-20 
(CXI) would yield on removal of the side cham, II hydroxyandrosterone 
(XL), which in turn may be reduced at C-11 to androsterone (I) (see 
Fig 26) 

d 4-Oxygen Compounds Having S(p) HydroxyaUo Configuration 
Fig 27 lists two steroids (LXXII, LXXII) Vfhich are 4-oxygen-3(^)- 
hydroxyallo compounds Rupture of the C-17 to C-20 bond would 
yield isoandrosterone (XIV) and presumably by the same reaction dis- 
cussed for the 5 oxygen compounds, isoandrosterone may be metabolized 
to dehydroisoandrosterone (III), androsterone (I), and etiocholanol 
3(a) one 17 (XVIII) 

e i-Oxygen A* sienone Compounds Fig 28 illustrates a problem 
similar to that of the second group of compounds discussed previously 
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CH,-0H 

I * 

H-C-OH 

’'® A 

exxvMi 



CH^OH 

CO 



cxxtx 


ISMNOXOSTCKONt 

Fio 27 — PouibI« metabolism of adreoal cortical steroids to IT'Letosteroids 


ex,- OH 




AHOBOSTESOXt ETt0CHW.*H0U-3{eX)-0Ne-ir 

Fio 28 — Possible metabolism of ao adrenal cortical steroid to 17 ketosteroids 
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and illustrated in Fig 25 Here ^ve have all factors similar except that 
we have no oxygen substitution m nng C The simple removal of the 
side chain would result in the formation of A*-androstenedione-3,17 
(XXII), which in turn should yield androsterone (I) and etiocholano 
3(«) one-17 (XVIII) 





A '«NO>tOSTCNeDtOHe-3 IT MHeXMTCIIONC JINOMtr4NCDI0L~SCS>ll''0HC-r 

Fio 29 — 17 Ketoateroida isolated from adrenal cortical tissue 


»t-6-OH c=o 




XIV 

ISOaMOROStCROHE 

Fig 30 — Possible metabolism of adrenal cortical steroids to 17 lietosteroids 

f 17-KetosieTOidsin Adrenal CoTlex Fig 29 illustrates three 17'keto- 
stcroids which have been isolated from the adrenal gland Their possi- 
ble place m the metabolic scheme has already been suggested It is 
worth remembering that Keichstem, who isolated all three of these com- 
pounds suggested the possibility that these compounds may not be 
present m the gland as such, but instead may be formed as a result of the 
isolation procedures employed 

g d Oxygen Compounds vnOi a IV-Hydroxy Group Figs 30 and 31 
illustrate 3 oxygen-substituted adrenal steroid nith 17-hjdroxy groups 
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which should also gne n'*e to IT-l^etosteroids The compounds repre- 
sented in Fig 30 have the 3(/5)-hydroiQrallo configuration, while the 
compounds represented in Fig 31 have the A*-stenone configuration 
17'‘d ’-Hj dro^j-progesterone (XXIV), a member of the latter group, has 
been showm to be an androgen 

h Concerning Metabolism of Desoxycorticosterone and Adrenal Cortical 
Extracts to JT-Ketosteroids The administration of deso^ corticosterone 
to an ovanectomized chimpanzee, toanovanectomized-adrenalectomized 



AKOROSTtlieNt tTIOCMOU*NOL-J(e<l-OKE-|7 

Fig 31 — Possible zcetsbolism of adrenal cortical steroid* to 17 ketosteroids 

monkej , and to patients suffering from Addison’s disease caused distinct 
increases in 17-ketosteroid excretion In the case of the Addison’s 
disease patients, it is difficult to discern whether this increased excretion 
of J 7 ietostorojds n w duo to the general uoprovement of the physical 
status of the patient and the secondary increased production of 17 keto- 
steroid precursors by the gonads, or whether a real conversion took place 
The former explanation seems more plausible The experiments on the 
ovanectomized chimpanzee and on the ovanectomized monkey indicated 
conv ersion of 3 2 % to 13 8 % for desoigrcorlicosterone to 17-ketosteroids 
( 68 ) 

The admimstration of adrenal cortical extracts to ovanectomized- 
adrenalectomized monkej s and to Addison’s disease patients also gave 
nse to an increased 17-tetosteroid excretion In the monkey, calculated 



534 


RALPH I SORFUAN 


minimum conversions of the adrenal cortical steroids contained in the 
extract to 17-ketosteroids ranged from 2 8% to 12 2% The data for 
the experiments on humans are difficult to evaluate for the reason pre^ i- 
ously stated (68) 

5 Site of Inacbtahon of Androgens 
M hen pellets of testosterone or testosterone propionate are implanted 
m the spleen the androgenic effect on the castrated host is of a low order 
The specific effect is greatly augmented if the spleen canymg the pellets 
IS transplanted and the splenic artery and \ein ligated Thus, it appears 
that testosterone can be inactivated in the liver M’'hen methyl 
testosterone is implanted in the spleen a greater response is elicited 
(5,13) It has been suggested that both methyltestosterone and testo- 
sterone are inactivated in the liver and that the tv.o compounds show 
different actiiities when administered orally since they are absorbed by 
different routes from the intestinal tract (4) Methyltestosterone may 
be absorbed by i\ay of the lacteals and lymphatics, thus avoiding the 
liver Previously it was su^ested by Miescher and Tschoop (J50) that 
methyltestosterone suffers less destruction by intestinal enzymes than 
testosterone propionate 

Incubation of testosterone with rabbit liver slices in serum gave nse 
to A*-androstenedioae*3,l7 and ctMestosterone, and incubation of 
A<>androstenedione*3,17 under sunilar conditions gave rise to testosterone 
(38,39) 

D Enztuic Changes Due to Bacteria am> Yeasts 
Mamoh, Ercoli, and co workers (78-79,129-133,199,213,214) haie 
made extensive studies on the metabolic changes of androgens and 
related steroids as a result of the action of bacteria, yeasts, and molds 
The work was originally undertaken to study the influence of tissues 
tn vitro on the androgen, but, due to extensue contammation of tissue 
extracts, observed changes were due to the influence of microorganisms 
on the steroids 

The influence of fermenting yeast has been studied on A*-androstcne- 
dione-3,17 (XCI) by Butenandt, Dannebaum, and Suranyi (20) and on 
androstanedione-3,17 (LXX) by Vercellone and Mamoh (213) Fig 32 
illustrates the changes observed under these experimental conditions 
Both A'-androstenedione-3,17 (XCI) and androstanedione-3,17 (TAX) 
have been reduced to androstanediol 3(P),17(o) (XCII) 

Fig 33 illustrates the changes that were effected principally by 
Bacillus pulrefactus This organism can produce reductive changes 
m the steroid nucleus at C-4 to the normal form, and reduce the 
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ketone groups at both C-3 and C-17 Thus, testosterone (XXV) may be 
converted to etiocholaDol-17(o)-3-one (XCIII) and etiocholanediol 
3(a),17(of) PCCIV) A*-Androstanedione has been converted to etio- 
cholanol-17(tt)-3-one (XCIII), etiocholanediol-3(a), 17(a) (XCIV), and 
etiochoIanedione-3,17 (LXXI) PinaHy, it has been demonstrated that 
androstanedione-3,17 ^XX) can be reduced to isoandrosterone (XIV) 
and androstanediol-3(^), 17(a) CCCII) 

e 0 



Fio 32 — Conrere ons under the influenee ol fermenting yeaat 

CorynebacUrtum mcdiolanum has been studied with respect to its 
abibty to oxidize the A*-stenoIs grouping to A^-stenones In Fig 34 
the conversions of dehydroisoandrosterone (III) to A^-androstenedione- 
3,17 (XXII) and A*-metbylandro5tenediol-3(0), 17(a) (XCV) to methyl- 
testosterone (XCVI) are illustrated That this reaction probably 
also takes place m the animal onanism is illustrated by the com ersion 
of dehydroisoandrosterone (HI) to androsterone (I) and etiochoIanoI-3- 
A*-(a)-one-17(XVni), which probably takes place hy way of A* andro- 
stenedione-3,17(XXII) 

In the presence of yeast which was probablj contammated with 
bacteria, it has been shown that both dehydroisoandrosterone (III) and 
androstenediol-3(0),17(a) (XXVIII) may be converted to A*-andro- 
stenedione 3,17 (XXII) These changes are illustrated in Fig 35 

vn. Mechanism of Action of Androgens 

Although it appears logical to assume that the mechanism of action 
of androgens involves enzyme or enzyme system relationships, only pre- 
liminary information on this point is available at the present time The 
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principal effects of androgens may be said to in%ol\e growth stimulation 
Thus the influences on such specific tissues as seminal % esicles, combs, and 
prostates are primarily growth phenomena The nitrogen-retaining 
properties of the androgens may also be linked to the growth process 
The nitrogen retention found under the influence of androgens is greater 



XCll 


Fig 33 — Conversions under the influence of BaciUut pulrefactus (with veast brei) 

tjian- cm ha. on. the, basis, cst ser. s^ecifie tissue Rather it 

appears more like a general effect on the grow th process of many tissues 
Howe%er, a second character of androgen stimulation may be related to 
the question of blood flow and Aasculanzation Thus an early change in 
such an organ as the comb is the mcreased blood supply to the structure 
under the influence of the male ser hormone The mechanism of this 
increased vascularity has not been elucidated 

Concerning the second phenomenon, that of growth, a number of 
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possible mechanisms may be mentioned First a system may be visual- 
ized whereby the androgen acts as a part of an enzyme system favoring, 
perhaps, growth of the organ Second, the androgens may act to remove 
an inhibitor. 




Fio 35 — Conversions due to jeast contaminated with bacteria. 

Although the mechanism of actimi of androgens is obscure, some of the 
necessary conditions for this action hate been described. Vitamin E 
deficiency in capons has been shottn to prevent the full action of andro- 
gens on the comb It has been claimed that vitamin E enhances the 
action of small doses of androgens on the capon's comb (34) 
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The influence of testosterone propionate on rachitic rats has been 
studied (37) On a rachitic diet the secondary sex glands become 
atrophic, and the administration of testosterone propionate for 3 to 21 
days produces characteristic responses toward the normal glands In 
addition to effects on secondary sex characteristics, there was observed 
a beneficial effect on the weights of the treated animals but no effect on 
the bone lesions On the rachitic diet androgens still exerted their 
characteristic action 

The relation of the thyroid to the action of androgens on the capon's 
comb has been studied (34,35) There are claims that the administra- 
tion of thyroxine either orally or intramuscularly intensifies and prolongs 
the effect of testosterone on the capon comb, while thyroidectomy 
reduces the comb sensitivity to androgens 

VIII Inhibitory Effects of Compounds on Action of Androgens 

The ability of estrogens to inhibit the biological action of androgenic 
substances has been established on the fowl Hegmer (187) showed 
that estradiol benzoate caused distinct retardation of the comb in 
cockerels and involution of the organ in the cock The complicating 
factor of influence of the estrogens on the pituitary is undesirable in these 
experiments In later experiments the pituitary factor was removed 
Muhlbock (160) was able to show that 0 4 testosterone applied to 
the capon s comb caused significant growth \\ ben the same amount of 
testosterone was employed along with 500 pg estrone or estradiol, an 
inhibition of growth resulted Similar results were obtained with 
progesterone but not with estnol, equilenin, or A*-pregnenol-3(0) one-20 
In a second series of experiments, Muhlbock was able to suppress the 
action of parenterally administered androsterone by estrogens applied 
directly to the comb In the latter experiments, both estradiol benzoate 
and progesterone suppressed the action of androsterone 

The experiments of Hoskins and Koch (118) show results similar to 
those found by Muhlbock Here simultaneous administration of 
androsterone and estrone to capons produced combs which were sig- 
-STtfiJiVeT Vnuxi TAjim •sniintRfimme Thtme wta 
Apparently specific inhibition was produced when androsterone was 
injected and estrone applied directly to the comb in a 60% ethanol 
solution 

In another study Muhlbock (161) was able to show that even the 
involuted comb of the capon can be further suppressed by the inunction 
of estrogens It is quite likely that the acti\ ity of adrenal androgens is 
suppressed under these conditions 
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IX Ability of Androgens to Inhibit Action of Other Steroid Hormones 

With adequate androgen concentrations it is possible to inhibit the 
action of other steroid hormones The effect of androgens on estrogens 
has been studied m detail by Robson (190) This investigator has 
show n that as little as 20 pg /day of testosterone can inhibit the estrus 
cycle of mice This action, however, cannot be considered a direct 
inhibition but is due most likely to the suppressing action of androgen 
on the pituitary resultmg in decreased estrogen production of the ovary 
In ov anectomized mice such an efiect is removed It has been shown 
that the v aginal cornification action of estrone may be inhibited by the 
simultaneous administration of such androgens as testosterone andro- 
stanediol, and androstenedione Dehydroisoandrosterone on the other 
hand, appeared to augment rather than inhibit the action of the estro- 
gens Testosterone proved to be the most effective, showing the charac- 
teristic effect at a ratio of 250 to 1 Inhibition by androgens of the 
estrogenic effects of estradiol and tnphenylcthj lene w ere also observed 
(191) 

In the experiments mentioned one further v anable must bo accounted 
for, the adrenal cortex The possibility still exists that, in dealing with 
minimum amounts of estrogens to produce vaginal cornification, the 
effect IS due to the summation of the estrogen of the adrenal plus the 
exogenous hormone The administration of the androgens may depress 
the adrenal bringing the total concentration of available estrogens below 
the mmunal effective level An answer to this question must await 
similar studies on adrenalectomizcd ovanectomized animals 

X Possible Androgemc Activity of Other Hormones and Pregnenmolone 

A large number of androgenic substances which are not naturally 

occurrmg hav e been synthesized These steroid compounds are closely 
related to testosterone (200) In addition to this class of compounds, 
claims of androgenic activity have been made for progesterone, preg- 
nemnolone and desoxycorticosterone 

Progesterone has been claimed to be mactive by Albrieux, Bruno, 
Bogef, and jtforatc (2), by Dessesa (53), snd by Deschn (51 ) Evidence 
for androgenic activity of progesterone has been presented by Greene, 
Burrell, and Thomas (94) who showed increases up to 400% m the 
weights of the prostates of immature castrated rats which received 2 mg 
of progesterone for ten days It was also possible to show significant 
stimulations of the prostates of adrenalectomized castrated immature 
rats However, since the total dosage was 20 mg of material it still is 
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likely that a contaminant of perhaps as httle as 1% may be responsible 
for these androgenic effects Other reports have been published claim- 
ing androgenic activity for progesterone when administered at le\el3 of 
20 to 30 mg /day (41,119) 

Pregneninolone has been claimed to possess androgenic activity 
under \arious conditions m castrated male rats (41), and m a Lebtsles 
Tchculatus (186) In one experiment pregneninolone was administered 
to the tadpoles of Rana ptptens from the early larval stage through 
metamorphoses It did not effect larval growth or differentiation but 
markedly affected sexual development All treated tadpoles became 
males, and genetic females could not be identified This action is 
identical with that found with testosterone 

\^hether desoxycorticosterone is androgenically active is still the 
subject of some debate Negative results on the capon’s comb (33,134) 
and the castrated male rat have been reported (201) On the other hand, 
androgenic activity has been reported for desov 3 Torticosterone m cas- 
trated male rats (35,41) 
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Compound Numbers 
Compound 

Androsteroiie 

3-ChIoro a* androstenone-17 
Dehydroisoandrostcrone 
Dehjdroisoandrostcrone acetate 
3-Ch!oro androstanonc 17 
Androsterone acetate 
Cholesterol 
Dih> drocbolcstirol 
Cholestanone 

Lpidih} drocbolcsterol ai etate 
Epidihj drocholestercl 
f strone 

17 Methyl A* androstenol 17 one 3 
Isoandrosterone 
Coprosterol 

EtiochoIanoI-3(^)-one-17 
Epicoprosterol 
Etiocholanol 3(a}'OQe 17 

Androstenediol 3(p),17{a) 3 monoaeetate 


Nuinber 

I 

II 

III 

IV 

V 

VI 

VII 

vin 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

XVI 

XVII 
XMII 
XIX 
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Number Compound 

XX A*-Androstenediol-30J),17(o)-17 monobenzoate 

XXI Adrenosterone 

XXn A*-Androstenedione-3,17 

XXIII AiidrostanedioI-3(^),ll-one-17 

XXIV 17-11} drosyprogesterone 

XXV Testosterone 

XXVI A’ or A>-Androstcnone-17 

XXVII A*-*-Androstaienone-17 

X3VIII A‘-Aiidrostenediol-3(p),17(o) 

XL ll-Hydroxyandroaterone 

XLI ADdroatanetnone-3,11,17 

XLII A* *>-Androstenol-3(a)-on6-17 

Xlilll Androstanediol-3(a),17(<>) 

XLI\’ A’-Androstcnetriol-3y),16,17 

rQ.V Andro3tanetriQl-3(0),16,17 

XLVI S-Ketoctioallobiltaotc acid 

XL VII 16-Ben*ibdjnandro<tano1-3W)-one-17 

XL^TII /$-3-n}droT}etioaItobiiianicacid 

XlilX A'-Androstenetriol-3(^).16,I7*3-monoacftate 

L ^^K} droT} •A'*«tiobi]ienic acid 

LI Al]opregnanol*3(^)>one-20>al>2l 

LIl PregT)anol-3(^)*oac-20>al 21 

LIII A* rregnenol>3(d)-one-20 

LIV AllopregnanoI-3(0)-OQC-2O 

LV A'*-Andro^tenol-3(«) 

LVI A**-Ardro3tenol-3(d) 

LVII AsdrosLanoM7 (d)*one-3 hexabydrobenzoate 

LVni A'*-Androstenone*3 

LIX Eatranediol'A 

LX U*Ketoisoandrosteronc 

LXI 1 l-Hydroxydehydroisoaodrosterone 

LXII Il-I\ctodehydroisoandro9lerone 

LXIIl A^AndrosteBol-ll-du»ne-3,l7 

LXIV Etiocholanediol 3{a), ll-one-17 

LXV' 11 Ketoandrosterone 

LXVI Etiocholanal'3(a)-dione-ll,l7 

LXVII Androstanol 17(a)'One 3 

LXVIII A’-Androstenol 3{€i>-one-17 

LXIX A* Aadrosteaediol 3(o),17(a) 

LXX AndrostanedioDe-3,17 

LXXI Etiocbolanedione-3,17 

LXXII Etiocholanol-nCoI-one-S 

LXXIII EtiochoIanediol-3(a), 17(a) 

LXXIV A]IopregnanedK)l-3{fl),(21) dione-11,20 

LXXV Allopregnanetnol-3(fi),ll(ff), 20(a) 

LXVI A*-Pregnenetriol.30),ll(/»),20(o) 

LXXVII Pregiianedjol.3(a),20{a) 

LXXVIII A*-Pregnenedioi-20,21-dioiie-3,ll 

LXXIX A‘-Pregnenediol-ll(^)^I-dione3,20 

LXXX A*-Pregnenol-21-trioiie-3,H,20 
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Numbei 

LXWI 

L\\\II 

LXXMir 

LXXXIV 

LXXX\ 

LXXXVI 

LVXWII 

LXXXMII 

LXXXIX 

XC 

XCI 

XCII 

xciir 

XCIV 

xcv 

XGVI 

XCVII 

XCIX 

c 

Cl 

CII 

cm 

CIV 

cv 

CVI 

evil 

CVIII 

CIX 

ex 

CXI 

CXII 

CXIII 

cxn 

CXV 

CXVI 

cx\ai 

CXVIII 

CXIX 

exx 

CXXI 

CXXII 

CXXIII 

CXXIV 

exxv 

CXXVI 

exx VII 

CXXVIII 

CXXIX 

exxx 


Cotnpouml 

Prpgnanetnol 3(o) 11(0) 21 one 20 
Pregiianetriol 3(a) 11(0) 20 
AUoprcgnanetnol 3(0) 17(0) 20(c) 
\lIopregnanediol 3(0) 17(0) onc-20 
AUoprcgnanetnol 3(0) 17(0) 20(0) 

A* Prcgnenediol 17(0) 20(a) 

Desox) corticosterone 
Allopiegoanol 3(0)-onc 20 
Allopregnanediol 3(0) 20(a) 

Progesterone 
A^-Androstcnedione 3 17 
Androstanediol 3(0) 17(a) 

£tiaehoIftnol 17(o) one 3 
EtiochoIaDediol-3(a) 17(a) 

A* Methylandrostenediol 3(0) 17(a) 

Mcthy Ueslosterone 
Androstaoediol 3(0) 17(a) 

Etiocholanediol 3(0) 17(a) 

A* PregBenediol*3(0) 17 one 20 
A* Prognenetnol 3(0) 17 20 
Alloprcgnanediol 3(a) 20(a) 

Androsterone sulfate 
Dehydro isoandrosterone benzoate 
Deh} droisoandrosterono sulfate 
Pregnaned ol 3{a) 17 one 20 
3-Chloro>A* androslenol 17(a) 

Ptegnanctnol 3{o) 17 20 
A* Pregoenediol 3(0) 17-OQe 20 
Androstanediol 3(0) 17(a) 

Allopregnanetetrol 3(a) 11 17(0) 21*«ne'20 
A‘ Pregoenediol 3(0) 20(a) 

Allopregnaneletrol 3(0) 11(0) 17(0) 21 ni i 20 
VlIopregnaRepeiitol-3(0) 11(0) 17(0) 20 21 
Allopregnanetetrol 3(0) 17(0) 20 21-one 1 1 
tllopregnanetnoi 3(0) 17(0) 21 dione 1 ] 20 
Androstanol 3(0) dione-Il 17 
A* Androstenediol 3(0) ll-ODe-17 
A* Androslenol 3(0)-dM>ne 11 17 
A* Androstenol 11(0} dione-3 17 
Ft ocholanediol 3(a) 11(0) one>I7 
11 Ketosndrosterone 
11 Ketoetiocbolanol 3(a) 

A<-PregQenetetToI 11(0) 17(0)20 21 one-3 
A' Pregnenetnol 17(0) 20 21 d one-3 11 
A^Pregnenetnol 11(0) 17(0) 21-d>one-3 20 
A*-Pregnenediol 17(0) 21 tnoae-3 II 20 
Allopregnanetetrol 3(0) 17(0) 20 21 
Allopregnanelnol 3(0) 17(0) 21-one-3 
Allopregosnetno) 3(0) 11(0) 21^ne-20 
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I. Histoncal Introduction and Synopsis 
The first extracts of cortical tissue tthich trould mamtam life m the 
adrenalectomized animal nete prepared in 1930 by Hartman and Bro^y■• 
nell (81) and by Sningle and Pfiffner (247) The actne agent was 
designated “cortm" by Hartman and co-workers, a name which became 
ambiguous in meaning when subsequent in\estigations led to the isola- 
tion of at least six pure chemical compounds, two of which (the "desoxy” 
group) are highly actue mth respect to life maintenance and the reten- 
tion of sodium and chloride ions but relatnely impotent as regards 
carbohydrate metabolism, and four of which (the 11-oxjgen group) show 
marked activity in the latter connection but are relatnely ineffectne in 
the survival test Further, after the separation from cortical extract of 
all material crystallizable by the apphcation of the existing methods, 
there remains an “amorphous fraction" which retains of the order of 
14-30% of the activity (based oo life maintenance) of the ongmal whole 
extract The term “cortin" is used today in several senses, to denote 
(a) the active substances contained jn whole adrenal extract, (5) any life 
maintenance factor of nnestablished chemical nature (as in the amorphous 
fraction), and (c) substances, again of unrecognized constitution, which 
possess any kind of cortical activity (le, urinary “cortin," the actne 
excretory products m unne, concentrates of which promote life mam 
tenance, sodium and chloride ion retention, and gluconeogenesis) 

Intensive investigation aimed at the isolation and chemical charac- 
terization of the cortical hormones was undertaken from 1934 by four 
investigators with their respective collaborators, E C Kendall, J J 
Pfiffner, and 0 mtersteiner, m the United States, and T Reichslein, 
m. Switzerland Several crjstallme compounds were quickly obtained 
by each group, and designated, m the order of isolation, by the letters of 
the alphabet, but phj siological acfav ity w as not clearly associated w ilh a 
crystalline product until 1936, when hlason, Aljers, and Kendall (167) 



XIII ADRENAL CORTICAL HORMONES 551 

established the effectiveness of their Compound E (VIII, page 657) in 
the work performance test of Ingle (108) The same compound had 
also been isolated by mtersteiner and Pfiffner — Compound F (2G8) — 
and by Reichstem — Compound Fa (205) — who found it inactive at the 
dose levels employed for maintenance of life m the adrenaloctomized dog 
and recov ery of fatigued muscle (Everse-de Fremery test, 54) At the 
same time Reichstem (205) separated in crude state his Compound H, 
which in 1937 was obtained m pvite form (20G) and shown to be highly 
active (65, Everse-de Fremery test), the name corticosterone was 
assigned There followed the elucidation of the structure of the com- 
pounds and the isolation from cortical extract, chiefly bj Reichstem 
and collaborators, of a series of 26 crystalline steroids six of which 
possess marked cortical aeUvity The first of these to be prepared 
artificial!} was 11-desoxycorticosterone (\XII, page 558) which Steige: 
and Reichstem (243) obtained m 1937 in fair yield from cholesterol or 
stigmasterol as original starting material The partial S}Tithe8is of the 
adrenal hormones bearing an oxygen atom m the 11 position presented 
serious chemical difficulties which were not overcome until 1943 when 
Lardon and Rciclistem (127) first realized ll-dehydrocorticosterone 
(XVI, page 658) from desoxycholic acid in extremely minute yield 

I! Hormone Concentrates 

In principle, the preparation of cortical extracts for cxpenmeutal and 
clmical use involves the extraction of fresh whole adrenal glands with a 
neutral w ater miscible organic solvent, such as acetone or alcohol, 
followed by tho separation of the hormone mixture from much inert 
material and from adrenaline by various solvent partition procedures 
The final concentrate is then ad|usted to contain an arbitrarily chosen 
number of biological units per unit v olume, or the potency is stated m 
terras of the equivalent weight of whole adrenal tissue 

VTiiIe many preparative methods are described, that of Kuizenga 
et al (120,122) suffices to illustrate (Table I) a typical process, which 
yields, from 1000 Ib of beef adrenals, 9 g of final product containing the 
biolojical equivalent of 2 5 g of Kendalls Compound E (VIII), when 
compared by the work performance test of Ingle (111), or S rat units 
per mg when assayed by the survival growth test of Cartland and 
Kuizenga (28) 

Species variation m total hormone content of the gland is considerable 
Based on either the work test of Ingle (111) or the time survival test 
(28), extracts from hog adrenals show approximately double the potency 
of those from beef or sheep glands (122) 

(See Table IV, page 560 ) 
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TABLE I 

Preparation op Adrbnai. Cortical Extract 
(Beef adrenals (1000 lb ), ground into 300 gal acetone, extracted 7 days, and filtered) 


1 

80% Acetone extract 
(400 gal ) 

Acetone removed, aqueous solution extracted 
with SkcUy Solv B 

Gland residue 
(discarded) 

1 ' 

Aqueous solution 

Extracted with ethylene dicbloride 

1 

Skelly Solv extract 

1 ' 

Ethylene diehloride solution 
(30 g) 

Partition between (a) 70% ethanol and Skelly Solv B 
(6) SO % methanol and Skelly Solv B 

1 

Aqueous solution 
(adrenaline) 

1 

30% Methanol solution 
(13 g) 

Methanol removed, extracted with ethyl acetate 

■ 1 

Skelly Solv extract 

1 ' 

Ethyl acetate solution 

Washed with 1 % KatCOi and Q$ N HCI to remove 
acidic and basic material 

1 

Neutral ethyl acetate fraction 

(9 g = biological equivalent of 2 5 g of VIII, 

= 75,000 rat units) 

1 

Aqueous residue 

III. The Steroids Isolated in CiystalUne State from Adrenal Tissue 

A List of Compounds 

Set out in Table II and formulated* in Table III are the steroids 


isolated in crystalline state from adrenal extracts The arrangement in 
Table 11 (according to carbon and oxygen content) and the recorded 
physical constants are taken from Reichstem and Shoppee (212) For 
the complete bibliography and a full description of the individual com- 
pounds, reference should be made to this and other re\iew articles 
(120,241) 

The adrenal steroids lend thcmsohes to several methods of classifica- 
tion, each of which possesses certam menta, both from the chemical and 

’The coufigurstions at C-II and 0-17 are corrected and expressed in accord- 
ance with the findings recorded later (pages 564 and 5741 Some formulations there 
fore deviate m part from those assigned m certain of the original communications 
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physiological point of view (a) "Withthe exception of estrone (XXVIII), 
all contain 19 or 21 carbon atoms n hich admits of a Ci» senes (Compounds 
XXV to XXVII) and a C«i series (Compounds I to XXIV) » Further, the 
Cij and Cji compounds maj be cubgrouped m accordance with the num- 
ber of oxygen atoms inherent in the molecule (as listed in Table II) (6) 
In all instances, C-11 is either unsubstituted (the Il-desoxy senes, Com- 
pounds IX-XI, XVIII-\\IV, and XXVII-XXVIII), orbearsaketomc 
or alcoholic function (the 1 l-o\ygenated series, Compounds I-VIII, 


TVBLE in 

Steroids Isoiated irou Adrenal Gland 



I n ui 


CH.OH Cll.OH CH,OH 



vn vin IX 
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XVI XVIII XIX 



XX 


XXI 


yyrT 
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TABIX III (Confinuei) 
CHi CHi 



XXVI xxvn xxvin 


XII-XVI, and XXV-XXVI) Physiologically, the distinction is import- 
ant since high gluconeogenic actinty is obser\ cd only in the latter group, 
while marked action with respect to salt and nater metabolism is found 
only m the desoxy senes (e) Based on the substitution at C-17, the Ctj 
compounds fall mto a l7-hydroxy!ated group (Compounds I-XI and 
X^^II-XXI) and a group m which the fourth \alency bond of C-17 is 
satisfied mth hydrogen (Compounds XII-XVI and XXII-XXIV) 
Since the former gi\e nse to the corresponding 17-ketosteroid3 by rela- 
tively mild oxidative procedures (Section III, C,2), the possible sig- 
nificance of the members of this group as precursors of the urmarj 
17-ketosteroids is of metabolic interest (see Section VII, A,l) (d) The 
compounds are divisible into an a j9 unsaturated 3-ketosteroid group 
(Compounds V-VIII, XI, XIV-\VI, XXI-XXII, XXIV, XXVI, and 
XXVII) and those m w hich ring A is saturated (Compounds I-IV, IX-X, 
XIIX-III, XVIII-XX, XXIII, and XXV) The first mentioned resonant 
system is requisite to appreciable cortical activity (e) The presence m 
the side cham of a primary hydroxyl group vicmal to a carbonyl oxygen 
atom (t t , the primary a ketol grouping) differentiates these compounds 
(Il-rv, VII-VIII, X-XIII, XV-XVI, and XXII), which are strongly 
reducing, from the remamder, which are not (see Section III, C,2) 
High cortical activ itj is confined to the first-mentioned class 
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There is species variation m the relative abundance of the various 
compounds m adrenal tissue Kuizenga (120) has summarized (Table 
IV) the quantities of the four principal carbohydrate-active hormones 
rthich may be separated from beef, hog, and sheep glands 


TAM-B IV 

Species Variation in Yields op 11 Oxtobnated Adrenal Hormones 


Compound 

1 Tield" 

Ox 

Hog 

Sheep 

Corticosterone (XV) 

200 



Crude crjstallizate* 

700 

1500 

680 

Dehydrocortieosterone (XVI) 

ISO 



11 Dehydro-17 hydroxvcorticosterone (Vlli) 

200 

220 

400 

Cnide crystalbzate' 


1700 

850 

17 Hydroxycortieosteronc (VII) 


610 

0 


Mg /lOOO lb of whole adrenal gland (data of Kuizenga, 120) 

* According to assnya consisting chieAy of corticosterone and dehydrocortieo* 
aterone 

* According to assaya, eonsisling chiefly of ll-dehydro-17 hydroxyeorticosterone 
and 17 hydroxycorticosterone 

B Methods or Isolation 

A comprehensive descnption of the chemical procedures requisite to 
the isolation of the individual cortical steroids listed above would be 
superfluous In general, advantage is taken of (a) the observations of 
Pfiffner and Vars (184) and of Mason, Myers, and Kendall (166) that 
certain of the more highly oxygenated CuOj and C*iOi compounds tend 
to pass from ether or benzene to water on repeated extraction, (b) the 
elegant method of Girard and Sandulesco (75) of separating water- 
insoluble, lipide-soluble ketones as their water-soluble, hpide-insoluble 
tnmethylaminoacethydrazone chlondes which permits fractionation of 
a ketonic mixture according to the ease wth which the carbonyl groups 
in various positions react to form these Girard complexes, and according 
to the hydrogen ion concentration required to hydrolyze the formed com- 
plexes, and (c) the apphcation of the pnnciples of chromatography, a 
method extensively employed by Reichstein, in which a mixture is 
adsorbed on a column of activated alumina and the components are 
eluted therefrom in order of their power of adsorption by the percolation 
through the column of appropnate organic solvent mixtures 

C Structure and Properties 

In this section only the estabh^ed structure and pnncipal chemical 
properties of the adrenal steroids are dealt with The many degradation 
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reacbons, transformations from one senes to another, and partial syn- 
theses of mactne compounds nhich led to the elucidation of the struc- 
ture of each indi\ndual are omitted, these are synopsized in the recent 
revieiNs on the chemistry of the adrenal steroids by Kmzenga (120), 
Reich«te\n and Shoppee (212), and Spnng (2-11), in vrhich references to 
earher renews and the original literature are listed m full 


1 The Carbon Ring Skeleton 


The parent saturated hydrocarbons of the adrenal steroids are allo- 
pregnane and androstane, the stereochemical formulation and system of 
numeration of which are gi\ en belov? 


HiC, 

J 




*'CH, 

c’ (5 h, i<» 

'• I ° I M 

CH, C» “C i-*C] 


(CEi 

IH, 


i. * i ^ i 


«/ H \y 

c c 

Hi H, 



KKIX TTT 

AUopregcane Androstane 

Conaiateat with the bvvidea ot evidence the nng Btructuies arc formnlaled with 
the substituents of each pair of adiacent asymmetric carbon atoms (> e 5 10 9 10 
8 9 8 14 and 13 14) oriented in space in the opposite or Jraru reUtion to each other 
Thus the two angular methyl groups at C-10 and C-13 be on the same side (arbitranlv 
the near side) of the flat plane of the molecule and serve as points of refeience 

The spatial position of hydroxyl groups substituted m the nucleus is designated 
Poi a This nomenclature was originally introduced bj Fieser (50) to define the con 
figuration of the 3-OH group (fl) mdicatea the orientatvon With te<T>ect to the 
remainder of the molecule that obtains in cholesterol and fl-cholentanol and (a), the 
reverse stereochemical relationship formulated respectively, by a sobd and a dotted 
valencj bond line The convention baa been universally adopted and extended to 
define the configuration of hydroxs! groups at centers of asymmetry other than C-3 
(see also page 554) Except in the lumi senes (page STS) (fl) implies that the h> droxyl 
group IS located on the same side of tlie flat plane of the molecule as the angular 
methjl groups at C-10 and C-13 and («*) indicates tram orientation «Uh respcit tu 
these reference groups 

The observation uluch led to tlit ratabli&iiment of the steroid nng 
skeleton of the adrenal compounds was provided by Reichstem (202) 
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who noted the high androgenic potency of Compound G of his senes, 
adrenosterone (XXVI), which immediately suggested a close chemical 
Telationship to the male se'c hormones Also the biologically inactive 
TABLE V 


Proof of the Ring Skeleton o* the Adrenal Steroids 



XXVI vin 


compounds A C, and D (T, III and IV), on treatment mth chromic 
anhjdnde (Table \) yielded the saturated tnketone XXXI mth andro- 
genic activity (203) and identical with the product of reduction of the 
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double bond of adrenosterone (XXVI) At about the same time, Mason 
Myers, and Kendall (167) obtained, from the chromic acid ovidation of 
their cortically active Compound E (VIII), an androgemc product which 
proved to be adrenosterone (XXVI) Uneqmvocal chemical proof of 
the carbon ring structure came with the Clemmensen reduction of XXXI 
to the known parent hydrocarbon, androstane (XXX) (Reichstein, 204) 
Later Steiger and Reichstem (244) degraded corticosterone (XV) 
to allopregnane (XXIX) 

2 Tht Side Chain 


Seven types of two-carbon side chains at C-17 are characteristic of 
the adrenal steroids 

CHiOH CH,OH CH, CH, CH,OH CH,OH CH, 

inon io io Ahoh (!;hoh io 

H — OH — <!>-on — i— OH — <1; rr — d: h —in 

U '(b) *(0 '(<0 '(e) '(/) '(?) 


The presence of a ketomc oxygen atom at C 20 adjacent to the 
pnmary hydroxyl group at C 21 (t e the <r ketol grouping, types & and 
«) IS essential to cortical activity and imparts to the molecule reducing 
properties similar to those of fructose which contains the same ci-ketol 
grouping Only pnmary a-ketols of tvpes i> and e reduce alkaline siher 
diamine, also they reduce cupnc ion in alkaline solution and phospho- 
molybdic acid, reactions which have been applied to the quantitative 
estimation of small quantities of reducing steroids of these types (Sect 
VII, A, 3) 

The behavior of the various types on oxidation with excess chromic 
or periodic acid is charactenstic and has been extensively employed in 
the elucidation of the substituents at C-17, C-20 and C-21 With CrOj 
the 17-hydroxylated compounds (types a to d) are oxidized to the corre- 
sponding 17-ketosteroids, -r", and the C-17 unsubstituted types e 
COOH 

and /, to the corresponding eho acids, — | H With periodic acid, 

the 17 hydroxylated a glycols (types a and d) give the corresponding 
17-ketones, while, from the dihydroxyacetone type 6, the 17-hydroxy 
COOH 


eho acids, — | — OH, are obtained, and from the 020-0-21 glycols 

CHO 

/, the 17 aldehydo compounds, — j H 
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Omng to the as 3 Tnmetry about C-17 in the allopregnane senes, the 
hjdrogen atom or hjdroxyl group substituted at the junction of the side 
chain may be onented in either the cts (0) or the irons (a) position with 
respect to the rest of the molecule, conversely the alkyl side chain must 
occupy the opposite spatial position Since the sterols may be degraded 
(under conditions which tend to preclude inversion at C-17) to the 
naturally occurnng bile acids and members of the C-21 hormone senes 
not hjdroxylated at G-17, it follows that the configuration of the side 
chain IS the same m all three classes of steroids Recent physical and 
chemical evidence (see page 574) makes it practically certain that the 
angular methyl group at C-13 and the side chain at C-17 are onented 
on the same side of the flat plane of the molecule, accordingly the side 
chain is now assigned the 17(fi) configuration, i e , the opposite to that 
provisionally accepted pnor to 1946 

n(P) and 17(») here refer to the oncntatioo of the side chain, the 17 hydrogen 
atom occupies conversely the a and fi positions As yet there is no universally 
accepted nomenclature to distinguish the natural from the artificial scries of 17 hydro 
gen steroids In the 17 hydroxytated senes, however, Ileichstein and Gatzi (210) 
define the eonfiguration about C-17 by stating that of the 17 h>drox>l group and in 
193S they arbitrarily assigned to the natural compounds the 17(3) OH configuration 
(see the text below) Selye (227), however, prefers a system of nomenclature in 
which the orientalwn and constitution of the alkyl side chain are specifically defined 
m relation to, and as a substituent of, the basic ring structure 

In an eSort to reach a generally appbcable and uniform system of nomenclature 
which permits convenient designation of the onentation about all centers of asymmetry 
in the steroid molecule, the author and D A Prms offer the follow mg suggestions 

(i) That such a system should be based upon the accepted stereochemical struc 
ture of the nng systems of androstane (XXX) and etiocholane on the one hand and 
of allopregnane (XXIX] and pregnane on the other Smee the members of each 
pair differ only in the orientation of the hydrogen atom substituted at C-5, the long 
established use of the prefix alio is thus retained exc/usitrfy for the designation of the 
05 configuration of the parent hydrocarbons of all classes of steroids 

^ith respect to the inversion of » hydrogen atom, or a methjl group, about all 
other centers of asymmetry (* e , carbon atoms 8 9, 10, 13, 14, and 17 of the ring 
skeleton and 20 24 etc of an aliphatic aide chain), it is suggested that the prefix i*o 
(not abbreviated) should be employed (together with the numbers of the carbon 
atoms concerned) to designate the configuration opposite to that which obtams in 
androstane (or etiocholane), allopregnane (or pregnane), allocholane (or cholane) 
cholestane (or coprostane), tie This nomenclature merely represents an extension 
of the use of tso in the sense onginally introduced by Butenandt and adopted by 
Reichstem and others » (an abbreviation of tso) is thus retained for the designation 
of condensed five ring sj stems containing a 3,5 bridge (i e , members of the t andro- 
stane, i-cholestane series, tie ) 

(S) That the established configuration of functional groups substituted m the 
nucleus should be designated as (<t) or O) (see page 561), the indices beinji plated in 
porentAese* (see Callow 27 and Shoppee 231) Where doubt exists concerning the 
stereoeheraK-al orientation it is suggested that the indices be contained in inserted 
commas rather than brackets (see Petrow and Starling, 183), eg, cholestane'3(^) * 



Xni ADREVAL CORTICAL HORMONES 565 

7 a -diol (151) and cholcstane 3{$) 7 */S diol (267) in each of wl ich the orientation 
of the 7 hj droxj I group 19 still m doubt (188) la instances of complete uncertainty 
of configuration tpt maj serve to differentiate the members of a pair (see page 574) , 
further, to a\oid confusion it would seem desirable to restrict the use of epi with 
reference to functional groups only 

As legards tertiary hjdroxyl groups ntuicka and Muhi (217) have introduced a 
system of nomenclat ire adopted bj others (189 193 211) in which the orientation 
of the 5 hjdroxjl is defined in terms of the parent hjdrocarbon eg cholestan 
5-ol[5{a) OH) and coprostan 5-ol[5()l) OHJ Tiiiis sistem may well be extended to 
mclude all functional groups and to bear on all tertiary positions in the molecule 
thus, ‘3|9 21-dmcetoxy H'Oxy 20*kcto 17 ISO 5 14-dial!o pregnan (191) would be 
expressed 14 w 17 mo allopregnanc 3W) 14 21 tno! 20-one 3 21 diacetetc 

The isomensm of hydroxyl and other functional groups substituted in an aliphatic 
side chain is of the diastereoisomenc type consequently absolute configurations 
cannot be assigned The empirical use of a and fi m this connection as introduced 
by Marker m the 17 hjdrogen senes and the arbitrary assignments of Prins and 
Keicbstein (195 196) in the 17h}droxyl senes thus need to be retamed until 
correlations are established Omission of the brackets sers es to distinguish diastereo 
isomensm of this tjpe from eis trans isomensm (see Shoppee 231) e g pregnane 
3(<i) 20<i-diol 

The orientation of alk> I substituents of tertiary carbon atoms may be expressed in 
terms of the parent hydrocarbon the configuration of those attached to nuclear 
methylene groups or in the side chain may be designated normal and iso 

In the mam the above proposals conform with general practise but the terms 
alio epi and «to are not infrequently used mdiscnminatcly with reference to a 
hydrogen atom a hydroxyl group or a methy) group For example to denote the 
reverse configuration of the 14 hydrogen atom Hirschmann and ^interstemer (101) 
employed tpt (14*<pi««quileom) while Bacbmannef at (2) describe the same compound 
as Moequilenin and in the cardiac aglucone series in\ersion of the 14 H atom is 
indicated by 14>atto (Plattner rt at I91)andabob) 14-ept [Meyer (168)) Similarly 
the prefix turns has been used to designate inscrsion of both the methy 1 group at C>10 
{( e lumisterol) and that at 0*13 — i e lumt androsterone (21) and tumi estrone (20) 
according to the nonienrlatiirc herewith suggested tl ese compounds would be more 
specifically defined respectively as 10 mo ergoslerol IS-iso-androsterone and 13 mo 
estrone The two artificial C ? isomers of ctiodcsoxycholic acid (formulas 3 and 4 
page 575) are thus 3(o) 12(a)-dih>droxy 17 Mo-ctioeholanic acid and 3(a) 120) 
dihydroxy 17'tso etiocholanic acid Likewise reversal of the natural configuration 
about C-20 has been observed on several occasions — eg 3(a) 12(a) dihjdroxy 20 
Mo-bisnorcholanic acid (238 239) — and instances of inversion about more than one 
center of asymmetry are not uncommon — e g pyrocalciferol (9 Mo-lO^so-ergosterol) 
30oxy 17 MO 5 14-diaUoatioeholan8aHre (191) (3(/5)hjdrox> 14 mo-17 iso etioallo- 
rholanic acid] As in the designation of functional groups of uncertain orientation 
inverted commas may profitably be employed wl cn the site of inversion is notcon 
clusively established (eg 9 tto pregnane (urane) see page 618) 

Several methyl ketones {type g) are known in both isomenc forms 
which are reversibly interconvertible by the action of acid or alkali 
(17,18 23) The stable 17(0) isomer predominates m equihbnum mix- 
tures and IS that which arises directly from the sterols on oxidation, the 
artificial 17((x) isomer is labile and physiologically inactive In formula- 
tion, the side chain of the natural 17(/5) senes conventionally occupies 
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the vertical position, and that of the artificial 17(a) senes, the honzontal 
position, as illustrated below 


CH, 


CO 

H 

xjA"* 

CH, 

/ 

/ 

stable 17(d) series 

Labile 17(a) senes 


The stereochemical relationship of the side chain in those steroids 
hydroxylated at C 17 is difBcult to establish since removal of the 
hydroxyl group destroys the asymmetry about C-17 However, stnct 
chemical proof that all members of the ll-desoxy-17-hydro\y adrenal 
senes (Compounds IX-XI and XVIII-XXI), tjTses a to d, are simi- 
larly onented at C-17 has been furnished by Reicbstem and collabo- 
rators by mterconversion and degradation reactions leading to the same 
3(6),17'‘0’'-dihjdroxyetioaUochoIanic acid (XXXII) or I7"^”-hydroxy' 
3 keto etiocholenic acid (XXXIII) Both Cn epimers of XXXII and 
COOH COOH 




of XXXIII have been prepared artificially and are not identical with the 
breakdown products of the natural substances In the case of the 
degradation, of the 11-oxy l7-hydroxy compounds (I-VHI, tj^pes a tod), 
the corresponding 17-epimenc pairs of reference acids are not charac 
tenzed, but the apphcstion of optical supenmposition rules defimng the 
contribution of the H-hydro\yl or 11-ketone group to the mofecufar 
rotation leaves little doubt of the same configuration at C 17 in these 
instances In 1938, when the side chain of the sterols and bile acids 
was believed to be irons onented, Reichstein and Gatzi (210) arbitranly 
assigned the ^ configuration to the 17-hydroxyl group of the natural 
adrenal senes, and they are so desenbed in the literature to date, this 
would onent the side chain of the 17 hydroxylated adrenal compounds 
as m the sterols and bile acids, which seems highly likely 'Uith the 



Mil ADREN^li CORTICAI HORMOVES 507 

eMdence now o\ crw liclminglj m fa^ or of the cis position of the side chain 
m the 17*hjdrogen compounds (see page 574), re\ersal of the configura- 
tion prenously assigned in the 17 hydroxy senes is indicated In their 
latest communication*?, Reichstein and collaborators (53,240) point to 
the probabihty that the so-called 17'*fl’'-OH compounds are in reality 
17(af) Because of this uncertainty and the fact that revision has not 
yet been effected, the original assignment of Ileichstfein and Gatzi (210) 
IS retained throughout this review, with the use of ini erted commas to 
indicate its arbitrary nature (see page 564) , in formulation how e\ er, the 
natural senes (probably 17(a) OH) is indicated bj a Aertical side chain, 
and the artificial epimers (probably 1703)-OH), by a honzontal side 
chain 

Isomerism about the center of as 3 mmetry at C 20 is possible m tj^pes 
a, d, and /, and a naturally occumng pair is observed in Reichstem’s 
Compounds J (XVIII) and 0 (XIX), m which the 20^ and 20a configura- 
tions, respectiv elj , are arbitranly assigned inthout commitment as to 
absolute spacial onentation (see Pnns and Rcichstem 190, and page 504) 

3 The Nvdear StihsUlvcnls 

a Position In the adrenal steroids not oxygenated at C 11 (the 
11-desoxy senes), the po«itioD and nature of the nuclear substituents were 
readily ascertained by degradation to known compounds On oxida- 
tive cleavage of the side chain with chromic acid, the secondarj alcohol 
groups are simultaneouslj oxidized to ketones, and the resulting product 
is one of (a) androstane-3 l7-dione, (b) A* indrostene-3 17-dione, (c) 
3 keto-etioallocholanic acid, or (d) 3 keto etiocholenio acid ith 
penodic acid, the nuclear hjdroxyl gioups remain unattacked, and, 
depending on the tjTie of side chain (see Sect 11IC2) one or tw o carbon 
atoms are removed to giie (o) androstan-3(0)-ol-17 one, (b) A* andro- 
stene-3,17-dione, (c) 3(0),17'‘^”-dihjdro\3etioallocholanic acid (XX- 
XII), or (d) 17‘‘j9”-h}dro\3-3 keto-A*-ctiocholenio acid (XXXIII) 

The substituent at C-11 in the remaining members of the senes 
pro\ed much more difflcuU to place, as at the time of the iniestigations 
no authentic 11-oxygenated steroid was aidihble for compmson As 
previously indicated (Table V, page 562), the unsaturated CjiOs com 
pounds (V-VIII), give with chromic acid adrenosterone (XXVI), 
which, on saturation of the double bond, jields the same androstane- 
tnone (XXXI) as that formed on oxidatiie cleavage of the side chain of 
all saturated members of the CjiOt senes (Compounds I-IV) The 
position of the nuclear substituents m Compounds I-VIII is thus the 
same in all cases Dehydration (Table VI) of the ll-h 3 droxyl group 
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TABLE \I 

Proof of Substitution at C 3 and C 17 iv the C„Oi Series 
CHiOH 



X3UUV 


of the ketone XXV obtarned on cleavage of the Bide chain of Reichstem’s 
Compound A (I) and subsequent catalytic hydrogenation and acetyla- 
tion led to the knon-n androstane-3(S)-I7(o)-dioI diacetate (XXXIV), 
which established the presence of the 3(|S)-OH group in I and of carbonyl 
oxygen atoms at 0-3 and C-17 in the tnketone XXXI (229) The third 
etone group of the latter exhibited unique chemical properties in that 
it ai ed to react m the usual manner to form an oxime, semicarbazone, 
etc The hindered 11 position was assigned to this substituent by 
bteiger and Reichstem (242) m 1937 by a process of elimination Posi- 
tions 1, 2, 4, 15, and 16 vsere excluded, as the products would behave as 
an a or 0 diketone, which was not m accordance ivith fact, and a carbonyl 
group in position 6, 7, or 12 would not be expected to be unduly unreac- 
tive That the CuO* corticosterone group (Compounds XII-XVI) 
also contain an ll-oxygen was shown by the ehmination of the 17- 
ydroxyl group of the CjjO» compounds to products identical ivith or 
referable to the CjsOd substances (Table VII) On treatment of Ken- 
dall s compound E (VIII) with calaum hydroxide and oxidation with 
chromic acid. Mason (159) obtained small yields of 3,11-diketo A^-etio- 
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cholemc acid (XXX\0 identical with the product of oxidation of 
corticosterone and dehjdrocorticosterone (XV and X\^) From the 
triacetate (XXXVI) of their Compound A (I), Shoppee and Reichstem 


TABLE VII 

Correlation or the CnOt and CtiOi SesiEb 


CH.OH 

io 




COOR 

inoH 


H 


COOH 

i, 


noil 
I— OH 




(232) effected AMth amc the elimination of acetic atid to a substance 
XXX\^I, isomenc at C-17 with Compound R (XII), which, on 
oxidation, yielded the diketone XXXVIII, rearrangement m acid of 
the labile side chain of the latter to the stable configuration ga\ e the 
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diacetate (XXXIX), of Compound N (XIII) Full confirmation of the 
assignment at C-11 came mlh the artificial preparation (Sect IV B) of 
3 ll-diketo A^-etiocholenic acid (XXXV) from desoxycholic acid (126) 

h Slereosomerim, of the Hydroxyl Groups The hydroxyl group at 
C 3 IS cis(^) onented in all of the natural adrenal steroids ivitli the 
exception of Compound III (53), thus Compounds I, II, IV, IX, X, 
XII, XIII, XVIII-XX, XXlll, and XXV form insoluble adducts wth 
digitonin 

As regards the orientation of the ll-hydroxyl group m Compounds 
I, II, III, V, VII, XII, X\^, and XXV, the mterconversion and correla 
tion reactions formerly establish the same spatial relationship m all 
instances, but the assignment of the 1105) configuration has only recently 
received full confirmation through the synthetic approach from desoxy- 
chohc acid (LII) (see Sect IV B, and reference 53) In the bile acid 
senes, several pairs of 1 1 hydroxy epimers have been prepared artificially, 
one epimer is estenfiable and resists dehydration on treatment mth acid 
while, in the opposite configuration, the alcohol is difficultly estenfied, if 
at all, and loss of the elements of water proceeds easily m an acid medium 
to a mixture of the corresponding and A” denvatiies (see Table 
VI, page 568) Reference to three dimensional models makes it appar 
ent that the cis(/3)-oriented 11 hydroxyl group is subjected to consider 
able stenc hindrance from the angular methyl groups neighbonng at 
C 10 and C-13 and lying on the same side of the flat plane of the molecule, 
with the ll(<e) hydroxyl group on the opposite side of the molecule to the 
angular methyl groups, interference is diminished and substitution maj 
be expected Accordingly the non-reactive, readily dehydratable ll- 
hydroxyl of the corticosteroids is assigned the 0 configuration 


IV Artificial Preparation of the Active Adrenal Steroids 
A The I1-Desoxt Compounds 
1 Partial Synthesis of 11 Desoxycorticosterone 
In 1937 Steiger and Reichstein f2tt) prepared desoxycorticosterone 
acetate (XLIV) from 3(/5) acetoxy A'-etiocholemc acid (XL), and shoued 
that this hitherto unknown product was highly active in the Eierse-de 
Fremery test This comersion, while it marks the first preparation by 
artificial means of a naturally occurring biologically active adrenal 
steroid, antedates by approximately one year the isolation of desoxy- 
corticosterone from adrenal tissue (Reiclistein and von Euu, 209) The 
piocess (Table VIII) is ividely us^ in the commercial preparation of 
desoxycorticosterone The immediate starting material m the partial 
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TABLE Vin 

1*ART1\L StKTHESIS OP 11 DfcSONTCOHTICO-jTFnON E 

CHNi 



XL XLl XLII 

KOH I 


CH,N» 



xxn XLiv xLin 


synthesis,* 3(0)-acetoxj-A' etiocholemc acid (XL) is readilj a\ailable 
as a by product in the chromic acid oxidation of cholesterol to dehjdro- 
tsoandrosterone (XLV) Addition of diazomethane to the acetoxy acid 


* In that the starting materials of all preparations are of natural origin (Che steroU 
and bile acids), the term "partial ayntbesis” is applied as distinct from "total sjn 
thesis," ^ hich implies that the products may be built up from the constituent elements 
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chloride XLI gives the acetoxy diazo ketone XLII, which is saponified 
and hydrolyzed inth acetic acid to 2I-acetoxypregnenolone (XLIII) 
Desoxycorticosterone acetate (XLIV) is then furnished by the oxidation 
of the 3-hydroxyI group, either with aluminum alkoxide by the method 
of Oppenauer, or by chromium tnoxide after previous saturation of the 
double bond mth bromine and subsequent debromination, in the course 
of either oxidative procedure the 5,6 ethylenic linkage migrates to the 
4,5 position in conjugation with carbonyl oxjgen atom at C-3 

2 Partial Synthesis of t7~Hydroxy-l! Desoxycorticosterone 
More difficulty attended the partial synthesis (Table IX) of 17- 
hydroxy 11-desoxycorticosterone (XI), and the compound is not yet gen- 
erally available From delijdrotsoandrosterone (XLV), von Euw and 
Reichstem (61) prepared the tetrol XLVIII by the method of Butenandt 
and Peters (19), a Grignard reaction with allyl magnesium bromide and 
an Oppenauer oxidation lead to 17“a”»allyUestosterone (XL VI), which, 
on dehydration of the tertiary alcohol, gives the tnene XLVII, the two 
Bide chain double bonds of which are then hydroxylated with osmium 


TABLE IX 



XL VI 


XLVII 
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TABLE IX {CmiintieS) 




L 


LI 


XI 


tetroxide Follomng protection of the 21- and 22-hydroxyl groups 
ivith acetone, the C*» monoacetate XLIX la obtained on acetylation and 
hydrolysis of the acetal Oudation of this glycol with periodic acid 
yields the acetoxy aldehyde L. The free dihydroxy aldehyde LI, 
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obtained on gentle saponification of L, rearranges in hot pyndme to the 
dihydioxyacetone XI The overall yield of 17-hydroxy-ll-desoxy- 
corticosterone (XI) is extremely small 


B The H-Oxtoenated Compounds 

Because of the probable therapeutic value of adrenal steroids possess 
mg carbohydrate activity, the preparation by artificial means of 
members of the On senes has received special attention over the 
past SIX years 11 Dehydrocorticosteroae (XVI) a as first realized 
in minute yield m 1943 by Lardon and Reichstem (127) m Sivitzerland 
In Amenca, the promising approaches to the same end by Kendall and 
others led to the establishment of a Conference on the Synthesis of E 
under the aegis of the Office of Scientific Research and Development 
The researches of the members of this group and their collaborators have 
not yet been published in full 

Apart from the adrenal hormones themselves, ll»oxygenated steroids 
are not knoivn to occur m nature Thus, starting material is demanded 
which will permit the introduction of a ketonic or alcoholic oxygen 
function at C-11 and of the a,$ unsaturated 3-ketone grouping m nng A 
Desoxychohc acid — 3(a),l2(or)-dihydroxycholanjc acid LII (see small 
type below) — admirably serves the purpose (a) it is available in large 
quantities from bile (6) the 12 substituted hydroxyl group provides inroad 
to nng C, and (c) the corresponding 3 keto derivatives are readily brom 
mated at C-4 because of the ct« configuration at C-5 

The spatial orientation of hydroxyl groups at C 11 and C-12 and of the side chain 
at C-17 has only recently been established Koechlm and Reichstcm. (119) m 19^2 
assigned to natural desoxychohc acid the structure 3(a) 12Ce)-dihydroxycholanic 

and the 0 configuration of the 12 hydroxyl group thus confonned^itb the deduction 

reached from X ray measurements by GiacomeUo (74) that the 12 hydroxyl group 
the methyl group substituted at C-IS and the C 17 side chain should all he on the 
same side of the molecule Later (1944) Sorkin and Reichstem (238) observed 
that bisnordesoxychohc acid failed to lactomze, while 12-ep»bisnordesoxycholic acid 
formed the cyclic structure and correctly concluded (contrary to the view held by 
GiacomeUo) that in the natural bile acid senes the 12-hydroxyl group and the side 
chain must be Iran* to each other They retamed the 1203) OH configuration and 
assumed that the side chain must occupy the a position Meanwhile, Gallagher and 
Long (70) had accumulated coavincing evidence that the reverse is true t « , that the 
12 hydroxyl is Iran* onented and the aide chain tii onented each with respect to the 
C-13 angular methyl group Further proof of the latter w as provided by Sorkin and 
Reichstem (240) with the preparation of all four possible cpimers about C-12 and 
C-17 of etiodesoxjchobc acid (1 to 4, beW) Reference to space models clearly 
mdicates that facile Jactonization can take place only when the hydroxyl and carboxyl 
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OH COOH 



(0 



(S) 



W (4) 


groups Le together on the opposite side of the molecule to the angular methyl group, 
conditions nhich are satisfied only by atnictureS Of the four acids only one farmed 
a lactone, that denied from natural desoxycholic acid by the uomenzation of the 
C-17 side chain accordingly it must be assigned structure 5 fhe extensive X ray 
studies of Crowfoot and collaborators (33) fully bear out the deductions reached 
from the chemical approach 


The reactions requisite to the conversion of desoxycliolic acid to 
adrenal steroids with carbohydrate activity fall into four discrete groups 
(1) degradation of the bile acid side chain to products (LIII, LIV and LV) 
suited to the building up of the a ketol side chain types b or e, (S) the 
transposition of oxygen from the 12 to the 11 position, (5) the building 
up of the a ketol or dihydroxy acetone type side chain, and (4) the 
introduction of the a,0 unsaturated 3 ketone grouping m nog A 


I Degradation oj the BtU Actd Side Chain 



LIV 


LV 



576 


B D B HEARD 


Degradation of the side chain of desojQ^cbohc acid (LII) to the corre 
spending methyl ketone LlII, elio dad LIV, or IT-ketoneLV constitutes 
the first essential step of the partial syntheses, and it is through this stage 
of the entire procedure that the most unsatisfactory yields are encoun 
tered Unlike cholesterol, which, as acetate dibiomide, may be oxidized 
directly with chroxmc acid to give (after debromination and saponifica- 
tion) moderate amounts of pregnenolone, 3(/3)-hydroxy-A*-etiocholenic 
acid, and dehydrotSQ'indrosterone (XLV), the diacetate of methyl 
desoxycholate (LVI), oxidized under similar conditions, yields only 
traces (less than 0 1 %) of the diacetates of LIU, LIV, and LV (30,88, 
197,200) No worthwhile improvement is effected by the extension, 
pnor to oxidation, of the bile acid side chain to the saturated aliphatic 
norsterol side chain (88) 

CH, CH, 

— pincHiCHiiH 

in. 

The classical Barbier-Wieland stepwise degradation, first applied to 
desoxychohc acid by Hoehn and Mason (102) in 1938, affords the desired 
TABLE X 


Stepwiss Bi^rbieb Wicland Dkoradation op tHE Bilk. Acio Side Chain 



LVI LVH 



LVIII 


\cO 
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products in 2-5% yield (Table X) The procedure may be earned out 
either before or after the introduction of the oxygen atom at C-II 
(Sect IV B2) 

Methyl desoxycholate (LVI), through a Gngnard reaction -with 
phenyl magnesium bromide and acetylation, is converted to the diphenyl- 
carbinol LVII, the tertiary hydroxyl group of which is readily dehydrated 
to the diphenylethylene LVIII Chromic acid oxidation of the latter 
and sapomfication of the protecting acetyl radicles give nordesoxycholic 
acid (LIX) Application of the same reactions to the methyl ester of 
LIX leads to bisnordesoxycholic acid (LX) The procedures are agam 
repeated with the methyl ester of the bisnor acid as far as the correspond- 
ing temordiphenylethylene LXI, which, on ozonolysis, yields pregnane 
3(o!),12(a)-diol-20-one diacetate (LXII) Condensation of the activated 
21 methyl group of LXII mth benzaldehyde giies the benzal denvative 
LXIII, the ethylemc hnkage of which undergoes oxidative cleavage ivith 
ozone to the keto aldehyde LXIV (not isolated) Penodic acid oxidation 
of the latter then furmshes the diacetate (LXV) of etiodesoxychohc acid 
(LIV) 

Several more promising approaches to the degradation of the bile 
acid side chain have recently been described by Jacobsen (118)i Mieschei 
(169,170),* Gallagher (106), and Walhs (12), and collaborators. Through 
the apphcation of the salient features of each, it is apparent that the 
desired immediate starting materials (LIII, LIV, and LV) for the prep* 
aration of the cortical hormones may be reahzed in more satisfactory 
yield and m fewer operations than by the uneconomical and cumbersome 
method outlined in Table X 


2 Introduclwn of Oxygen alC 11 

The desired ketomc or alcoholic function may be introduced at (5-11 
through the mediation of the A’ “ or A” double bond, or by bromina- 
tion of the reactive methylene group at C-11 m the 12 keto bile acid 


Reicbstem and collaborators (1,14,93,94,123,125,128,129) and Mc- 
Kenzie, McGuckin, and Kendall (175) effected (Table XI) pyrolytic 
removal of the 12 hydroxyl group of desoxycholic acid and other 12-fiy- 
droxylated steroids (LXVI) to the corresponding 11,12 unsaturated 
compounds (LXVII) ^ hile the fission proceeds with the free alcohol, 
• Pull details of the elegant method of Meystre et al (169,170) have only recently 
been received Treatment of the diphenylethylene LVIII (Table X) with N bromo- 
euccinmude yields the corresponding 22-bronio derivative from which hydrogen 
bromide may be readily removed to the A** ••-diene Oxidation of the latter with 
chromic acid then affords the desired methyl ketone LXII m fewer steps than by the 
Barbier Wieland degradation and m vastly unproved yield 
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better jields are obtained from the 12 benzoate or the 12-anthraqumone- 
P carboxylat^ The reaction is general, and has been applied with a 
hydroxyl, acetoxyl, or carbonyl function at C-3 and to compounds bear- 
ing at C-17 the methyl ketone side chain or that of the bile acids, nor 
acids, bisnor acids or etio acids (mainly as esters^ 


Ri 


Ri 


U. 


TABLE XI 

Ptrqltsis or IS-HmnoxT Steroids 
B. 



Treatment (Reichstein and collaborators, 94,124,126,128,129,179,- 
196,199) of the A"-ethyIenic compound LXVII with AT-bromoacetamide 
or with hypobromous acid leads to a mixture, usually not separated, of 
the 11,12 ibromide LWIII, the 9,ll-dibromo-12 hydroxy derivative 
LXIX, and the desired bromohydnn LXX After oxidation of the 
hydroxyl jtouds to the corresponding ketones with chromic anhj'dnde, 
the mixture is debrommated with zinc dust to give unchanged startmg 
material (LXVII), the correspondmg A*“-12-keto derivative LXXI, 
and the desired Il-keto compound LXXII, separated by chromato- 
graphic fractionation As in the case of the pyrolysis, the bromohydnn 
reaction is applicable to 3-keto and 3 acetoxy compounds with the 
etio-, bisnor , nor or bile acid side chain, or with the methyl ketone 
side chain 
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(LXVII, Table XI) After protection of the 3-hydroxyI group of LII 
(or its methyl ester) by limited acetylation (116,224) to the 3-mono- 
acetate (LXXIII), or by the action of succmic anhydride, which fails to 
esterify the 12-hydro\yl group (223), the 12-keto derivative LXXIV is 
obtained on oxidation with cluromic anhydride Bromination of LXXIV 
and dehydrobrommation on refluxing \nth pyridine, collidine, or sodium 
ethylate give 3(a!)-hydroxy (or acetoxy)-12 keto A* ”-cholemc acid 
(LXXV or LXXVl) (29,95,135 224) Alternately, the double bond may 
be introduced directly by dehydrogenation with selenium dioxide This 
elegant method of Schwenk has been applied by Kendall (IIG) to the 
methyl ester of LXXIV to afford the methyl ester of LXXVl in 90% 
yield Reduction of LXXVl with sodium ethylate by the Wolff-Kisbner 
method provides A® “-lithocholenic acid (LXXVII) Like the U,12- 
ethylemc linkage, the 9,11 double bond may be oxygenated at C-11 
through the addition of the elements of hypobromous acid, and applica- 
tion (Hicks and Walks, 96) of the Reichstein procedure (Table XII) to 
the acetate methyl ester of LXXVII leads to the same 3(o)-acetoxy-n- 
ketocholanic acid methyl ester 


TABLE XII 

IvTROoncTioK or II OxTOBH Atou (Method or Rbicbstbik) 



LXX 


LXVin 


LXIZ 
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TABLE XII (Panltniitd) 



Lxvn Lxxi Lxxn 

Ri, Ri AS lA Tftble XI 


Kendall and associates (116) have elaborated (Table XIV) a unique 
method of ll-oxygenation which in addition affords worthwhile advan- 
tages in the degradation of the side chain Catalytic hydrogenation m 
ethanol-acetic acid (1 1) of the methyl ester (I/XXVIII) of 3(a)-hydroxy- 
12-keto-h* ^'-cholenic acid (LXXV), prepared as mdicated m Table 
XIII, quantitatively reduces the 12-ketone group to the alcohol without 
the saturation of the double bond The 12 hydroxyl group of LXXIX 
forms part of an allylic system and readily yields nith methanol the 
12-methyl ether LXXX, the methoi^l group of uhich is easily displaced 
vnth chlorine The highly fabite methyl 3(n)-hydroxy-i2-chforo-il''^- 
cholenate (LXXXI) undergoes an extraordinary rearrangement in 
pyndine or in a tw o-phase mixture of water and chloroform Hydrogen 
chloride is eliminated and the ethylenic bond shifts to the 11,12 position 
nith the formation of the 3,9-cyclic ether LXXXII Reference to scale 
models indicates that 3,9-cpoxide structures of this type may arise only 
in the 3(a)-hydroxy bile acid senes Bromination of the double bond 
of LXXXII at — 50*C affords the dibromide LXXXIII, the Il-bromme 
atom of which is replaced by oxygen on treatment with silver chromate 
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Proof of the structure of LXXXIV is afforded by the opening of the 
eponde nng to methyl 3(Qfl-aceloxy-ll-keto-12-bromocholanate, identi- 
cal with that obtained by the method of Reichstem (Table XII) The 
Barbier-'W leland degradation of the side chain (see Table X, page 576) 
proceeds more satisfactorily and m fewer operations in the epoxide senes, 
as the 3-hydrox> 1 group is protected by the stable cyclic structure, which 
ob\nates the necessity of acetylation prior to the oxidations, and of 
saponihcation for each Gngnard reaction The C-12 bromine atom in 
LXXXIV is eliminated in the course of the first Gngnard reaction By 
this route, 3,9-epoxy-pregnane-ll,20-dione (LXXXV) and3,9-epoxy-ll- 
ketoetiocholamc acid (LXXXVI) maj be obtained in excellent yield 
However, opening the epoxide nng becomes more difficult as the side 

TABLE XIV 


Introdiction or the ILOxtocn Atom (Method or Kendall) 



T.TTXITI 


LXXXIV 
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TABLE XIV iCotthnuti) 



chain IS shortened This is accomplished by the addition of hydrogen 
bromide to the intermediate LXXXVI which is debrommated with 
zinc to 3(a)-hydroxy-ll-ketoetiocholanic acid (LXXXVIII) As the 
reaction proceeds m poor yield at the etio acid stage, it is more profitable 
to open the epoxide nng of the nor acid and continue the degradation 
from there, as indicated in Table X. 


TABLE XV 

Intsodvction of 11 OxTOEX Atou (Method or Gallagseb} 
CH, 


O ijHCHjCH.COOCH, 



LXXXIX 
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TABLE W (CoTdtHiied) 



zcn xcm 


ho' 

XCIV 



Gallagher and co-workers (69,71) have developed an efficient method 
(Table XV) of ll-oxygenation by direct brormnation of the methyl ester 
(LXXXIX) of 3(«)-acetoxy-12-ketocholanic acid (LXXIV), prepared as 
outlined m Table XIII On treatment with bromine m glacial acetic 
acid at room temperature and re-esten&ation, the ll(a)-bromo deriva- 
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tive XCI IS formed predommately, with smaller quantities of the 11(^) 
epimer, XC Saponification of each at room temperature leads, respec- 
tively, to 3(a),ll(0)-dihydro3^-12-ketocholamc acid (XCIII) and 
3(a),ll(Q:)-dihydroxy-12-ketocholamc acid (XCII), "Walden inversions 
occumng m the course of the hydrolyses Wolff-Kishner reduction of 
the hydrazones of both XCII and XCIII gives the desired 3(a), 11(a)- 
dihydroxycholanic acid (XCIV) together with smaller amounts of 
A“-lithocholemc acid, lithochohc acid, and 3,11,12-tnhydroxycholanic 
acids Presumably, in the alkabne reaction medium, the ll(a)-hydroxy 
compound represents the stable component of an epimenc equilibnum 
mixture, while the labile ll(^)-hydro3qr isomer suffers dehydration 

3 Parivil Synikesit of 1 t-Dehydrocorttcosterone 
Methyl 3,11-diketoetiocholanate (XCV), obtained from etiodesoxy- 
choIiG acid methyl ester as illustrated in Table XII, hydrogenates (126) 
predommately to the 3(d) epimer XCVI From the acetate of the 
corresponding free acid (XCVII), Lardon and Reichstein (127) built up 
the Q-ketoI side chain by the route previously employed m the prepara- 
tion of desoxycorticosterone (Table VIII, page B71) After oxidation 
of the 3-hydroxyl group of pregDane-3,21-d]ol-ll,20-dione 21-acetate 
(XCVIII) to the correspondmg 3-ketone XCIX, the A‘-ethylenio 
TABLE XVI 

Partial Sththesis or 11 Dbhtdrocorticosterone 



xcvn 


xevni 
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TAELE W1 {Continued) 


CH,OAc CHiOAc 



linkage vras introduced by brosunation at CM and dehydrobromination 
to XVI, identical in all respects with natural ll*dehydrocorticosterone 
Gallagher (68) and Kendall (private communication) have also pre 
pared XVI by the degradation ol the side chain of the 11 substituted bile 
acids obtained by their respective methods (Tables XV and XIV) and 
through the application of the reactions outhned in Table \VI 

4 Parltal Synlhests of Corticosterone 
The synthesis of the a ketol side chain by the method outlined m 
Table VIII, page 571, is not applicable to the preparation of cortico 
slerone (XV), as the non reactive 11 hydroxyl group cannot be protected 
by acetylation against the action of thionyl chlonde or of oxidizing 
agents To circumvent the difficulty, von Euw, Lardon, and Reichstein 
(50) employed (Table XVII) the lead tetraacetate reaction of Dimroth 
and Schweizet (36), whereby a methyl group, activitated by a Mcmal 
carbonyl, is oxidized to the corresponding acetoxyl derivative Methyl 
3,11 diketobisnorcholanate (C), prepared from bisnordesoxycholic acid 
(LX) b} pyrolysis (Table XI, p 579) and through the bromohydnn 
reaction (Table XII, pp 580-681), is hydrogenated (128) to 3(0),ll(/3) 
dihydroxybisnorcholamc acid methyl ester (CII), the reduction is carried 
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TABLE XVII 


Partial Sththests op Corticosterone 
CH, 

incc 





XV 
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out m tuo stages, the 3-ketone bemg hydrogenated under nuld conditions 
to the 3(fi) epuner Cl predominately, and the 11-ketone under more 
energetic conditions pnncipally to the non-reactive ll(5)-hydroxy' 
epimer. Degradation (49) of the bisnor acid side chain by the method 
of Hochn and Mason (Table X, page 576) then affords the corresponding 
methyl ketone CIII, which, on treatment with lead tetraacetate (36), 
gi\es the a-ketol CIV m 25% yield The 3-hydroxyl group of CIV is 
preferentially oxidized with aluminum phenolate to CV, which permits 
the introduction of the A*-ethylenic linkage m the usual waj by bromina- 
tion and dehydrobromination (see Table VIII, page 571) The final 
product (XV) IS identical mth natural corticosterone 


5 Pariial Synihests oj t7‘Hydroxy-ll-DehydrocorlicosleTOne 
Kendall’s Compound E (VIII, page 557) has recently been prepared 
(as acetate) by Sarrett (219) (Table XVIII) Desoxycholic acid (LII) 
uas degraded to the bisnor acid (LX) by the procedure of Hoehn and 
Mason (Table X), at which stage the 11-ketone group was introduced 
by the Reichstein method (Tables XI and XII, pages 570 581) to 


TABLE XVm 


Pabwal SrNTBBSts or 17 Htdroxt 11 DzHroaocoRTicosTaaoNB 

CHi CH, CHi 
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CXVI 


cxvn 
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TABLE XVni (Canttauecf). 

CHiO Sue. CH.OH 



cxvra cm 




exxm 


XXVI 
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furnish the immediate startup matenal 3(flf)-acetoxy-ll-ketobisnor 
cholanic acid (CVI) By means of a Curtms rearrangement, CVI was 
converted to the aminopregnane derivative CVIII, through the acid 
azide evil Diazotization of the amine CVIII in aqueous pyndine 
gave an inseparable mixture of A**-, A”-, and A*®-pregnene derivatives, 
including the desired product CIX Ozonolysis of the mixture led to a 
ketomc fraction from which etiocholan-3(a)-ol-lI,17-dione acetate (CX) 
could be separated m crystallme state After saponification to the free 
alcohol CXI, acetylene added exclusively at C-17 to give the pregnine- 
diolone GXII, the acetylenic linkage of which was partially saturated 
with a paUadium-banum carbonate catalyst to the pregnene derivative 
CXIII The procedure of Ruzicka and Muller (216) was then followed 
m the conversion of the 17 hydroxy A**-pregnene, CXIV, to the 21-hy- 
droxy-A*^ derivative CXVII, through the intermediate 21 bromo and 
21 acetoxy compounds, CXV and CXVI The 3-hydroxyl group is best 
oxidized to the ketone CXIX at this stage, protection being provided 
for the primary Cji alcohol by succmoylation (CXVIII) Hydroxyla- 
tion of the double bond of tbe acetate of CXIX with osmium tetraoxide 
and acetylation of the product led to the tnoldione diacetate CXX, in 
which the side chain at C-17 is oriented in tbe natural configuration 
The A^-ethylenic bond was then introduced by bromination and dehydro- 
brommation and tbe resulting c(,j3-imsaturated 8-ketone CXXI was 
sapomfied to the free tnoldione VI, which is identical with the naturally 
occurnng Compound TJ of Beichstem Chromic acid oxidation of the 
21-monoacetate CXXII, obtained in good yield by limited acetylation of 
VI, then gave adrenosterone (XXVI) and CXXIII, identical with the 
21-acetate of Kendall s Compound E (VHl) 

The over-all yields from desoxycholic acid of dehydrocorticosterone, 
corticosterone, and Compound E are extremely minute (of the order 
001 to 0 1% through the published partial syntheses outlined above) 

It IS reasonable to anticipate however that the yields may be substan- 
tially increased by the incorporation mto a single process of the best 
features of each different method and through improvements at all 
stages of the entire procedure 

V. The Amorphous Fraction 

After crystallization from gland concentrates (Sects II and III) of the 
active adrenal steroids mentioned above, there remain m the mother 
liquors substances which have resisted to date attempts at cry^talhzation 
but which possess high activity per unit weight and which account for a 
significant proportion of the total activity of the original extract This 
non-crystalhne syrup has been designated “the amorphous fraction” 
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(115,269), and obviously its composition will vary with different methods 
of fractionation, v, ith species, and v. ith the relative efficiencies of crystal- 
lization techniques By all methods, however, the factors retained in 
the water-soluble amorphous residue are, like desoxj corticosterone, 
highly potent with respect to life mamtenance m the adrenalectomized 
test object and, unlike the 1 1-oxygcnated adrenal hormones, are relatively 
inert with respect to carbohydrate metabolism (Table XX, page 595) 
The amorphous fractions descnbed m 1935-1936 by Pfiffner, Winter- 
steiner,and Vars (185) and Wmtersteinerand Pfiffner (269) maintained the 
adrenalectomized dog at a daily dose le\el of 0 0025 mg per kg , whereas 
0 1 mg of IT-hydroxy-ll-debj^rocorticosterono (VIII) failed to suffice 
In the experience of Mason (160) and of Kendall (114) the amorphous 
fraction retams about 50% of the actiMty of the original tissue extract, 
based on life maintenance in the adrenalectomized dog, and per unit 
weight 13 7-15 times more active than desoxycorticosterone and 200-500 
times more active than Compound C (VIII) m the same respect In 
the Everse-de Fremery test (54), the amorphous concentrates of Reich- 
stein (205,208) exhibit about one fourth the activity of desoxycortico- 
steroae and 3-4 tunes the activity of corticosterone Kuizenga (120) 
has synopsized (Table XIX) the distribution of activity m the course of 
the fractionation of extracts from two species with respect to (a) the 
work performance test of Ingle, which is essentially a measure of the 
ll-oxygenated active hormones, and (6) time-sur\ ival in the adrenalec- 
tomized rat, m which test deso^corticoslerone is the most potent of the 


TABLE XIX 

Distribction or Activitt in the Fractionatiov or Adrenal Extracts* 


Fraction 

Hog extract 

I Sheep extract 


Work 

teat, 

unite 

Sur- 
vival 
test, 1 
unite 1 

Wt, 

e 

Work 

test, 

units 

Sur- 

vival 

test, 

Neutral ethyl acetate aoIuUon* 


21.165 

111,500 

7 4 ' 

11,169 

56,250 

Benzene soluble portion 

m 

3,745 

24,000 

2 75 

1,890 

7,312 



<18%) 

(19%) 


(17%) 

(13%) 

Resin and crystalline material insoluble 

3 9 

15,000 

58,600 

3 7 

6.81c 

27,000 

in benzene 1 

1 

(66%) 

(52%) 


(61 %] 

(48%) 

Water soluble amorphous fraction 

0 8 

8001 

16,000 


450 

16,300 


’ 1 

(4%) 

(14 3%) 

0 65j 

(4%) 

(29%) 


* Data of Kmsenga (120) 
‘ See Table 1, page 552 
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kno-wB compounds The ertxactioa procedure rs that shown in Table I 
(page 552), followed by partition of the neutral fraction soluble m ethyl 
acetate between benzene and water The data clearly reveal the low- 
proportion (4%) of carbohydrate-active substances in the water-soluble 
non-crystalline fraction and the relative accumulation therein of growth- 
survival material (14-29%) 

The chemical nature of the active factors retained m the amorphous 
fraction through the usual extraction procedures is completely unknown, 
solubility properties and empirical analyses correspond with compounds 
of the CjiO* senes 

VI Relationship between Chemical Structure and Physiological Action 

Three structural features appear to be essential to a high degree of 
activity with respect to life maintenance and salt and water metabolism, 
namely (a) the a 0-unsaturated 3-ketone grouping, (6) a reducing 
a ketol grouping in the side chain, and, (c) the stable orientation of the 
side chain at C-17, to these must be added a fourth requisite to appreci- 
able glycogenic potency, t e , (d) an alcoholic or ketonic oxygen atom 
substituted at C 11 

A number of non steroid a ketols have been prepared by Lmnell and 
Roushdi (132) but of these only the compound CXXIV (Table XX), 
a close structuial relative of stilbestrol, exhibited slight activity m the 
life maintenance test m young adrenalectomized rats (about of the 
potency of desoxycorticosterone acetate) In Table XXI is set out a com- 
parison, by various methods of assay, of the potencies of the six most active 
adrenal steroids and the amorphous fraction, while Table XX lists the 
formulas of a number of compounds, closely related chemically to the 
active adrenal steroids the bioassays of which have contributed greatly 
to the present understandmg of the relationship between constitution 
and physiological action 


A Bings A and B 

As with the progestational and androgenic hormones (Chapters XI 
and XII, respectively) most marked potwicy is associated vfitb those 
compounds which possess the 4 5-ethyIenic linkage in conjugation with a 
carbonyl oxygen atom at C-3 In all six of the highly active adrenal 
steioids (Table XXI) this resonance system obtains Saturation of the 
3-ketone or of both the 3-carboDyl group and the 4 5-ethylenic bond leads 
to a significant diminution of activity Of the ring A-saturated adrenal 
steroids which retain the a ketol side chain (compounds II, III, IV, X, 
XII, and XIII), only compounds III and IV have been examined 
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biologically In the Everse-de Fremery test both proved to be inactive 
in relatively small do'=!es (201) Likewise, afld m small amounts, IV 
faded to prolong sunnal in adrenalectomized rats, but III shoiied 
considerable acti\ity m this regard (121), an obser\ation uhicb merits 
further exammation Mason et al (162) hydrogenated dehj drocortico- 
sterone (XVI) and corticosterone (XV) tvuth palladium black conditions 
which may be expected to lead to the reduction of the double bond onlj , 

TABLE XX 

COUPOUNDS BeIATED to the AdBEN^L bTLRUIt -> 

CII,OH CH,04c CHjOAc 

io io io 



OAc 

cxxvn cxxvni cxxix 


r-uoA. nw.nM r-.».r,Ae 



exxx 


CXXXI 


cxxxn 
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TABLE XX (Conttnved) 

CHjOAc CHO CHO 

(l:o io nioH 



cxxxvi cxsxvn cxxxvm 



and observed thereby a fiftyfold dimmution in activity m each instance 
(Ingle test) Similarly, reduction of the ethylenic linkage of desoxy- 
corticosterone acetate leads to a mixture of 21-acetoxypregnane-3 20- 
dione and 21 acetoxyaUopregnane-3,20-dione, both of v;hich are inactive 
(life maintenance 266) 21-Acetoxypregnenolone (CXXV) n as observed 
by It aterman el al (260) to possess some activity in adrenalectomized 
dogs, the potency relative to desoxycorticosteione acetate being 1 6 (31) , 
in the survival test in adrenalectomiaed rats (225,226) and guinea pigs 
(13) the relative actmties are approximately 1 3 and 1 5 Compared 
to desoxycorticosterone acetate mth respect to increased work perform- 
ance m the adrenalectomized rat, CXXV is practically inert (109) 
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Certain of the cardiac glycosides (ouabain, digitalm, and stroph- 
anthm), ^vhlch do not contain in the molecule the a, 0 unsaturated 
3 ketone grouping have been reported by Zuemer, Loewenstein, and 
Pines (271) to possess cortical action in that, in intact animals, they 
protect against insulin shock and lethal doses of potassium, and cause a 
nse m blood sugar and fall in blood potassium and protein Indefinite 
maintenance of adrenalcctomized animals nas not clearly demonstrated, 
nor ha\ e these glycosides been shown to be active in the usual methods 
of assay in the adrenalectomizcd test object 

Unsaturation and substitution in rmg B adversely influence the 
resonance sjstem with loss of physiological potency Thus the diene 
ketone, 6-dehjdrodesox> corticosterone acetate (CXXVI), prepared by 
Wettstem (264), is inactive (survival test m rats) in doses of 1 mg per 
day (under the same conditions 0 25 mg dcsoT> corticosterone acetate 
gives a full response) 6 Dehj droprogesterone, honever, exhibits 
approximately 50% of the progestational activity of progesterone (264) 
Ehrenstem (46) has prepared 6(ot)-acetoxydcsoxycorticosterone acetate 
(CXXVII), the effective dose of which in life maintenance m adrenalec- 
tomized rats is 1&>20 tunes that of desoxycorticosterone acetate, also the 
product 13 without diabetogenic action and without influence in the work 
performance test of Ingle at levels of 1 and 2 mg per day, respectively 

Likewise the absence of the angular methyl group at C'lO diminishes 
or abolishes activity 10 Nordesoxycorticosterone acetate (CXXVIII) 
is without effect on life mamtenance or work performance at a dosage 
level approximately three times the minimal effective dose of desoxy- 
corticosterone acetate (47) This stands in contrast to 10 norprogester- 
one, the progestational potency of which is equal to or greater than that 
of progesterone (47) 

B Ring C 

It IS apparent from the relative activities of the cortical steroids 
shown in Table XXI that only those compounds bearing at C-11 an 
alcoholic or ketonic group possess power to cause deposition of glycogen 
m the liver of the adrenalectomized animal Similarly, marked activity 
in ih& Ingis Mark test sad high anb msubn and diabetogenic action is 
confined to the same group of compounds In the absence of the 11 oxy- 
gen atom, the effect on carbohydrate metabolism, as evidenced by the 
above mentioned tests, is markedly diminished, conversely the 11 desoxy 
group and the amorphous fraction exhibit the highest degree of activity 
with respect to life maintenance and in the Everse-de Fremery test 
As regards sodium chloride excretion in intact animals, an alcoholic or 
ketonic function at O-ll decreases sodium retention (251) 

Transposition in ring C of the ox^en atom from C-11 to C-12 leads 
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not only to loss of potency with respect to carbohydrate metabolism 
but also to diminished activity m the E\erse*de Fremery test 12 Hy- 
droxydesoxycorticosterone acetate (CXXIX, as 12-acetate) is without 
anti-insulin action m mice at a dose level at least eight times that effectn e 
with corticosterone (XV) acetate (67) The 12-keto analog CXXX is 
ineffective in the work performance test of Ingle (87) and with respect to 
the deposition of hepatic glycogen in adrenalectomized mice (87) at 
dosages 15 and 6 times, respectively, the active level of ll-dehydrocorti- 
costerone (XVI) In the Everse-de Fremery test, CXXIX, as 12- 
acetate, and CXXX exhibit slight activity at about three tunes the 
effective level of corticosterone and forty times that of desoxycorti- 
costerone acetate (67) 

Epimerization of the 11 hydroxyl group of corticosterone apparently 
causes loss of potency 11 Eptcorticosterone (CXXXI), as diacetate, 
has been prepared in non crystalhne state by Gallagher (68) and pre 
liminary tests indicate a low order of activity as measured by glycogen 
deposition and weight maintenance m adrenalectomized rats 

UnsaturatioQ in ring C does not markedly alter the potency m the 
Everse-de Fremery test Thus, the 9,11- and 11,12-ethylenic deriva- 
tives (CXXXII and CXXXIII) of desoxycorticosterone acetate are, 
respectively, 2-3 times more active and 2-3 times less active than the 
latter, in the survival-growth test in young rats, CXXXII is equally as 
effective (234) 

Similarly in the progesterone senes, 9- and ll-debydroprogesterone 
retain pronounced progestational activity (93,233) The behavior of 
CXXXII and CXXXIII with respect to the deposition of hver glycogen 
(and in other cortical hormone assays) has not yet been reported 

C The Side Chain 

The reducing a ketol grouping of the side cham is essential to a high 
activity in all tests except life maintenance The effectiveness of 
progesterone (XXIV) in prolonging the penod of survival of adrenalec- 
tomized animals was observed early by Gaunt and Hays (72), and has 
since been confirmed by many mvestigators and in se\ eral species, but 
the eoarptnmdfadstoprtotect against water intoxicaticm (73), is without 
diabetogenic action (133), and is inactive at high dose levels m the 
Everse-de Fremery (243,260), anti msuhn (76), and Ingle (110) tests 

Replacement of the «-keto! with the reducing a-ketal grouping 
results m loss of potency The 21-aldehydo analog CXXXIV of desoxy- 
corticosterone, prepared by Reich and ^ichstein (198), is considerably 
less active than desoxycorticosterone (Everse-de Fremery test) Like- 
wise, impure CXXXV, prepared by Mason (160) from corticosterone 
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(XV), and probably contaminated with the latter, is less active than 
corticosterone Similarly, reduction of the 20 carbonyl group to the 
secondary alcohol is accompanied by diminution in physiological potency, 
thus, A^-pregnene-20,21-diol-3 one possesses less than one third the 
potency of deso^ycorticosterone acetate (Everse-de Fremery test, 245) 
Also the hydroxy aldehyde CXXXV, prepared by von Euw and Reich- 
stem (52), is markedly less active than desoxycorticosterone acetate m 
the Everse-de Fremery test (212) 

Introduction of a tertiary hydroxjl group at C-17 (with the preserva- 
tion of the normal orientation of the side chain) gives nse to marked 
dimmution of potency m the life maintenance and Everse-de Fremery 
tests but enhances actuity with respect to carbohydrate metabolism, 
this is evidenced by comparison of the appropriate pairs listed in Table 
XXI (t e , Compounds VII and XV, VIII and XVI, and XI and XXII) 
In the presence of an oxygen function at C-11, the ketol at 20-21, and 
the o,(3-unsaturated 3-ketone groupings, the C-17 hydroxyl group 
induces sodium excretion (251) 

The stable onentation at 0-17 of the side chain is requisite to high 
activ ity Shoppee (230) has prepared 17 tsodesoxycorticosterone ace- 
tate (CXXXVII), \\hich IS inactive (time survival test m rats) at a 
dosage three tunes the effective level of desoxycorticosterone acetate 
Similarly m the progesterone senes, 17-tsoprogcsterone is without luteoid 
action at a level at which progesterone is highly active (22) 

Also substitution of the a ketol side chain directly at C-17 is appar- 
ently essential to physiological action The higher homolog CXXXVIII 
of desoxycorticosterone acetate, m which — CH(CH|) — is introduced 
between nucleus and the ketol grouping, is inactive (life maintenance 
test, 265) In the progesterone senes, homologs have been prepared 
(171,172,192,265) with the side chams 


HO HO 

-t-&CHiCHi, " 


■’T" 


-pC. 


0 

and 


H CH,0 



all are without progestational activity with the exception of the first- 
mentioned, which exhibits about one third the potency of progesterone 
The behavior of certain cardiac glycosides in preventing insulin 
shock has been referred to above These compounds do not possess the 
2 carbon ketol side chain typical of the active adrenal steroids, but the con- 
version tn riro of the unsaturated lactone ring CXXXIX to the a-ketol 
system CXL by oxidation has been cited by Reichstem and Shoppee 
(212) as a theoretical possibility 
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Vn. Metabolism of the Adrenal Cortical Hormones 

A Catabolism, Urinary Excretory Products as Indices of 
Adrenocortical Function 

While relatively little information has been gamed concemmg the 
individual fate of the many steroids which have been isolated m crystal- 
line state from the gland (Table III, page 557), cortical function has 
clearly been associated with the excretion of a large number of metab- 
olites, many of which are of vmdeteTmined chemical structure These 
may be classified m tn o groups (J) those which may be quantitatively 
determmed by the application of relatiiely simple colonmetnc or bio- 
assay techniques (and m this group fall an uncertain number of cortical 
metabolites of unknown structure, detectable only by virtue of a specific 
biological or chemical property), and (5) metabolites of established 
chemical constitution, estimable gravimetncally only after a usually 
tedious process of isolation The neutral 17'ketosteroids of unne occupj 
an mtermediate position, m that the whole may be determined colon- 
metncally while the pnncipal components of the mixture are known 
chenucal substances which may be estimated mdn idually by isolation 
In nearly all instances, the connection between urinary excretion and 
cortical function has been arn\ed at through the nse or fall m the output 
of a specific metabolite or group of metabolites (possessing a common 
property) under experimental or clmical conditions or hyper- or hypo- 
adrenocortical function 

The followmg laboratory reactions, applicable to the water-msoluble, 
lipide-soluble, neutral products of unne, give a measure of the excretion 
of metabolites classified under group J but reflect cortical functions of 
qmte different kinds (Table XXII, page 604) (a) 17-ketosteroid3 (Table 
XXIV, page 608), (6) cortm, (c) reducing substances, (d) 17-ketosteroids 
generated on penodic acid oxidation of the non-ketonic alcohols of unne, 
and (c) formaldehyde generated on penodic acid oxidation of the neutral 
fraction of unne And in group the followmg unnary excretory prod 
ucts (Table XXV, page 613) have definitely been associated (Table 
XXIII, page 606) with cortical function (/)A*-androstene-3(^),17(<*)-diol 
(CXLVIII), (g) A*-androstene-3(6),l6,l7-tnol (CXLIX), (ft) A‘-pregnene- 
303) 2Oadiol (CL), (t) pregDane-3(a),20a-dioI (CLI), (j) pregnane- 
3(a) 17,20 tnol (CLII), and (f) pregnane-3(a),17-diol 20-one (CLIII) 

* To the hat of adieaal metabobtes should be added A’ pregnene*3(S)»t7 -diol 
20-one (formula 1 below) isolated (5 3 mg /I ) and eharactemed by Hirsebmann and 
Hirschmann (100) from the unne of a bojr with adrenal carcmoma The spatial 
arrangement at C-17 is that of the natonl adrenal compounds (probably 17(<»)OH, 
although formulated 17(S)OH by the authom) Accompanying the diolone was the 



XIII ADRENAL CORTICAL EOR&IONES 


603 


Of these, pregnane^(a),20a:-diol (CLI) is unique, m that this compound 
IS also the chief metabolite in man of the corpus luteum hormone pro- 
gesterone (XXIY), and that there exists a simple gravimetric method 
(253) for its estimation (as 3-monoglucuronide), which stands in contrast 
to the more elaborate chemical procedures requisite to the determination 
of the excretion of the other substances mentioned In addition to com- 
pounds f to k, se\eral other very probable cortical metabohtes have been 
separated from urme, but, to date, their relationship to cortical function 
may only be surmised, or they are charactenred only by physical con- 
stants and elementary composition It is highly significant that of the 
ten or more recognized excretory products of the cortical hormones, only 
two, ll-hydroxj’-androsterone (CXLVI) and ll-keto-etiocholan-3(a)-ol- 
17-one (CXLVII) (members of the 17-ketosteroid group a) have been 
shown conclusnely to be oxygenated at C-11, but there can be no reason- 
able doubt that one or more of the components of "urinary cortin," 
which possesses carbohydrate activity, is also an 11-oxygenated com- 
pound which further fulfills the structural requirements at present 
associated mth cortical actn tly of any type (Section VI) 

Keactions o to e, which may be earned out routinely intbout chemical 
isolations, provide criteria of quite different kinds of cortical secretory 
function, which need not and do not run strictly parallel The neutral 
17-ketosterotd colorimetnc estimate gnes a measure of the metabohtes 
of the testicular and adrenocortical hormones excreted as 17-ketones, 
the quantity of cortical origin is about 10 mg per da> Undoubtedly 
these products arise both from the catabolic breakdown of members of 
the Cji senes and from the normal physiological secretion from the 

correspoodiDg ILhomo rearrangement product (formula 2), 17 b methyl A* ^homo- 
androsteoe 3(S},17a>diol 17-oae (6 4 mg /I ), which almost certainly arises from I in 
the course of the processing of the unae The close chemical relationship of / to the 
adrenal constituents 17''fl”-hydroxyproge3terone (XXI) and allopregnaiie 3(a),- 
17 'i9 ’-diol 20-one (XX, page -SSS), and the fact that I has not been encountered in 
normal unne leave little doubt that this excretory product arises from the adrenal 
cortex 
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gland of members of the Cjj series The active cortm like substance or 
substances are excreted m very much smaller amounts (of the order of 
0 1 mg per day) and presumably represent an overflow of cortical hor- 
mones from the circulation Their chenucal nature is not known but 
it IS to be anticipated that the groupings essential to high cortical activity 
(Section VI) are contained in the molecules The urinary excretion of 
neutral water insoluble, chloroform soluble lipides which reduce cupnc 
ion or phosphomolybdic acid also vanes directly with degree of cortical 
function As reducing capacity is conferred by the primary a ketol 
grouping (side chain types b and e page 563), it is assumed that the 
determination proi ides a measure of the output of metabolites possessing 

TABLE XXIII 


Urinahv Excretion or Recognized Adrenocortical Metabolites* 


Metabolite 

Formula 

Nor 

mal 

unne 

j Adrenocortical lesion 

Hyper 

plasia 

Tumor 

Caret 

noma 

a* Andi08t6ne'3(^) n(a>-<ivol 

cxLvin 1 

1 

1 

0 2 to 1 6 

s-ts 

A* Asdrostene 3^) 16 17 trio] 

CXLIX ! 

0 1 


20 

20 

A' Pregneae-3(6} SOa-diol 

CL 1 




85 

Pregnane 3(a) 20a<diol 

CLI 1 

0 1 

0 1-6 

2 20 

7-20 

Pregnane 3(a) 17 20 triol 

CLII j 


2 20 

0-3 


Prego&ne 3(a) 17 diol 20'OQe 

CUII 1 


3 2 

0 5 


A‘ Pregnene 3(6) 17 6 *dJol 30-one 

Footnote* ! 



1 

1 5 3 


• Expressed as mg /I , and excluding 17 ketosteroids and artifacts arising from the 
compounds listed (see footnote* page 602) 


these side chain types The quantity normally excreted seems to be of 
the order of 1 mg per day One compound has been isolated which is 
strongly reducing and which also exhibits gluconeogenic activity, but its 
structure has not been elucidated Two reactions with periodic acid 
applicable to the appropriate unne residues, give further quantitative 
infotmation concerning tuo other classes of metabolites, namely the 
17—20 glycols (side chain types o and d, page 563), and the 20-21 
ketols and glycols (side chain types a, b, e, and /, page 563) The first 
mentioned class nhich is non reduemg and is contained in the neutral 
non ketomc alcoholic fraction of unne, yields, with penodic acid, the 
corresponding 17 ketosteroids, nhich can then be estimated colon- 
metncally in the usual way, while the second gives use to fonnaldehyde, 
iihich may also be determined colonmetncally In Table XXII, the 
excretion of cortical metabolites as determined by each of these five 
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procedures a to e, is compared under various conditions of hypo- and 
hyperadrenahsm 

Fewer quantitative data pertain to the metabolites of group 2, 
compounds/ to A, mainly because of the rather elaborate chemical isola- 
tions requisite to the determination of all except pregnane-3 (a) ,20a-diol 
Table XXIII shows the excretion of these products in a limited number 
of normal individuals and in a few cases of adrenocortical hyperfunction 

1 17-Keloaterotds 

The relationship between the neutral 17 ketosteroids of urine and 
testicular and cortical function is more fully dealt with in Chapter XII 
In general, the view is accepted that these excretory products (formulated 
m Table XXIV) arise almost entirely from the adrenal cortex m the 
normal female and mainly from the cortex m the male In Addison’s 
disease, the output of urinary 17-ketosteroids is markedly diminished 
According to Fraser et al (63) the titer is practically zero in the female 
and about one-third normal in the male the latter residual proportion 
presumably representing the contnbution from the testis, m the data of 
Fnedgood (66), however, this difference between the male and female 
Addisonian is less sharply defined In panhypopituitansm values as 
low if not lower than in Addison’s disease are encountered , this is difficult 
to reconcile with the fact that even in the totally hypophysectomized 
animal some adrenal function is still retained Conversely m eertam 
types of hyperadrenaUsm, particularly m cases of vinhzmg cortical 
tumors, the output may reach levels many times normal 

There is veiy httle information beanng directly on the important 
problem of which of the many adrenal steroids (Table III, page 557) 
may function as precursors of one or more of the urinary 17-ketosteroids 
of cortical ongin The ease with which the 17-hydroxylated compounds 
(side chain types o to d, page 563) may be ruptured tn vitro to the corre- 
sponding 17-kelone has long suggested that the same reaction may proceed 
in tiio In guinea pigs treated with 5 mg quantities of allopregnane- 
3(a;),17“a” diol 20-one and of Kendall’s Compound E (VIII) an increase 
m 17 ketosteroid output (antimony trichloride color assay) from about 
0 15t<rO-iSBig kss beea 

for roughly 5-10% of the substance administered m each case On the 
other hand, m rabbits each given orally over three days 225 mg of the 
3,21-diacetate of allopregnane-3(^),17“p ',21 triol 20-one (the diacetate 
of Reichstem 3 Compound P, X), or given subcutaneously the same 
quantity of the unacetylated substance, the excretion of the correspond- 
ing 17-ketosteroid, isoandrosterone, (CXLIII) could not be demonstrated, 
nor could any ketonic or non-ketonic transformation product be isolated 
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17-keto3teroid excretion (103) Desoxycorticosterone acetate adminis- 
tered at a dose le\ el of 10 mg per day to both male and female Addison- 
lans does not lead to any consequential change in titer (35) , similarly, in 
adult male rabbits each treated with SOO mg of desoxj corticosterone 
acetate no significant increase m urinary l7-ketosteroids is obsened 
(103) Following the adrmmstration of adrenocortical extracts to 
human subjects, no convincing alteration m urmary 17-ketosteroids has 
been noted, but in this connection it should be pomted out that the con- 
centration of adrenal steroids in commercial extracts is not high on a 
weight/v olume basis, and that the quantity giv en may be insufficient to 
reflect the metabolic pathway Stimulation (in hjpopituitansm m man) 
of the adrenals with corticotrophin does however lead (252) to a signifi- 
cant increase (five to seven times) in the output of 17-ketosteroids 
(as determined by the Zimmermann color reaction) 

2 Cortiu 

The cortin-like properties of extracts of human unne were first 
observed by Perla and ^tarmo^stoD-Gottesman (182) m 1931 and b> 
Grollman and Firor (78) in 1932 Ample confirmation followed, with 
the demonstration that the excreted principle or principles possess 
activity m the adrenalectomized animal with respect to (o) protection 
against histamine poisoning (182) and exposure to cold (39,262), (5) 
time survival and life maintenance (38,78), (c) prevention of water (220) 
and potassium (55) intoxication, (d) prolongation of the work performed 
by the gastrocnemius muscle (228), and (e) the deposition of hepatic 
glycogen (38,137,256,258) The chemical nature of the active metab- 
olite(s) is not established, although Vennmg, Hoffman, and Browne 
(256) have isolated, as acetate, a crystalline ketone, melting pomt 
23-4-236*, which reduces alkaline silver diamine and exhibits cold pro- 
tection, also the compound promotes glycogen storage in the liver (105) 
As urme concentrates are corrective m both the electrolyte and carbo- 
hydrate disturbances associated writh loss of adrenal function, the excre- 
tion of active substances in both the 11-desoxy- and ll-oxy-senes is 
implied Presumably also the active metabohtes are excreted in con- 
jugated form, as extraction of unne at pH 1 0 leads to preparations with 
approximately twice the potency of those attained on processing at 
neutrahty (92,137,257,258), more vigorous hydrolytic treatment, such as 
boiling m acid medium, destroys the active excretory products 

The quantity of cortm normally eliminated per day fluctuates (±50% 
of the mean) from time to time m, the same individual, possibly due to 
vanation m state of activity or excitement Compared by the power to 
cause glycogen deposition in the hver of the adrenalectomized animal 
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(42,45,137,213,258) and expressed as the biological equivalent of Ken- 
dall s Compound E (VIII), normal adult females excrete from 29 to 
55 ;ig (average, 39), with no correlation apparent with the phase of the 
menstrual cycle, and normal adult males, from 45 to 90 ng (average 62) 
(92,137,257) Exercise and activity may raise the amount excreted 
(137) No glycogenic activity is detectable in the unne of newborn 
males (1-4 days), but at 2 5 years of age the excretion has attained the 
adult female level, and at about 6 years the adult male value is reached 
(92,137,257) Subnormal to zero values are associated with hypo- 
adrenalism (Addison’s disease and panhypopituitarism), and, conversely, 
with cortical hyperfunction (Cushmg’s syndrome) and under stress 
(thermal trauma, the postoperative state, and gestation), values six to 
ten times normal are encountered (92,137,257) 

Experimentally, the administration of whole adrenal cortical extract 
to the dog (80), monkey (41), and man (40,256,261) causes a rise m 
urinary cortin, the increment representing approximately 10% of the 
hormones contained m the ongioal extract (effect on salt and ivater 
metabolism and cold exposure test) In the monkey, actne material 
(cold exposure test) is still excreted following gonadectomj but not 
adrenalectomy (41) Stimulation of the adrenal cortex in man by the 
administration of pituitary adrenocorticotrophin leads to a ten to 
twenty-fold increase m cortm output (cold exposure test, 137) 

3 I^eutral Ltpide-Soluble Reducing Substances 
lalbot et al (250) and Heard and Sobel (91) have quantitatively 
standardized the reduction of cupric ion and of phosphomolybdic acid, 
respectively, by adrenal steroids possessing a reducing group in the 
molecule, and have developed colorimetric methods for the estimation of 
small quantities of these compounds In the first-mentioned test the 
reaction is given by a primary o ketol grouping (side chain types b and e, 
page 563), and in the second by the a-ketol and/or the a,/3 unsaturated 
3-ketone groupings When applied to extracts of urine, general paral- 
lelism between urinary reducing power and cortical function is observed 
(Table XXII) By the procedure of Talbot et al (250), the urine is 
extracted without previous treatment with acid, and the colorimetric 
determination is made on that portion of the neutral lipide-soluble 
ketones which is extractable from benzene with water Heard, Sobel, 
and Venmng (92) acidify the urme to pH 1 0 prior to extraction, an 
operation which, as m the estimation of urinary cortm (page 609), leads 
to an increase (four to five times) m the quantity of metabolites recovered, 
and they apply the colorimetric estimation directly to the total neutral 
extract By either technique the excretion of reducing substances is 
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approximately one-third to one-half normal m hypoadrenalism and 
two to ten times normal in hyperadrenaltsm, under stress, and in late 
pregnane} Normal adult \aluea fluctuate within ±50% of the mean, 
by the procedure of Heard, Sobel, and Venning (92), males range from 
1 1 to 2 1 (a\ erage I 5) mg per day (calculated as desox} corticosterone), 
and females from 1 0 to 2 0 (average 13) ith increasing age in male 
children, the normal adult lc\ el is not attained as early in life as the out- 
put of cortm (92), bj age 7, unnaiy reducing capacity is only 60% of the 
adult X alue, while cortm excretion has already reached the adult lex el 
(see page 610) Also, m convalescence from damage, the normal biologi- 
cal titer IS attained more rapidly than that of the reducing substances 
(92) In the dog (92), extirpation of the adrenals dimimshes the output 
by about 66%, and the intravenous injection of cortical extract causes 
xnthm a few hours a sharp rise and fall, the total additional excretion 
representmg 3 4% of the reducing capacity of the onginal extract, also, 
stimulation o! the adrenals by the subcutaneous administration of whole 
anterior lobe extract containing adienocorticotrophin leads to a txx ofold 
increase over normal, which persists for sexeral days In man (hypo- 
pituitarism), corticotrophin causes a sixfold nse in the output of reducing 
substances (252) 

It must be assumed that at least one third of the water insoluble, 
hpide-soluble reducing substances normally excreted are of extra-adrenal 
ongm, as m Addison's disease and paDh}'popitu)tansm (02,250), and, 
following bilateral adrenalectomy in the dog (92), a minimum residual 
titer of at least this proportion is retained 

4 17-KetostfTotds Generated on Periodic Acid Oxidation of the Neulra 
NonleContc Lipides 

As pointed out m Section III, C, 2, steroid glycols lij droxylated at 
C-17 and C-20 (i e , side chain Ijiies a and d) are readily oxidized b} 
penodic acid to the corresponding 17-ketones Accordingly, 17-keto- 
steroids formed from the neutral lipides of unne by this treatment should 
be an index of the quantity of metabolites with these types of side chains 
which are excreted 

The principle has been applied by Talbot and Eitingon (249) Be- 
cause of the sensitivity of the tertiary 17hydrox}l group and of con- 
jugated alcohols to dehydration on treatment xxith strong acid, the 
conjugates are first extracted from unne xMth butanol, washed until 
neutral, and then h}drolyzed (o) Iqr refluxing xxith barium chlonde at 
pH 6 0, or (6) xnth rat hver enzyme, or (c) by refluxing for ten minutes 
in 15 X olumes per cent hydrochlonc acid, or progressix ely by 6 plus a 
plus c, h plus c, or a plus c After separation of the hydrolyzates into 
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ketonic and non ketonic portions with Girard reagent, colorimetnc assay 
of the ketonic fraction and of the neutral products of the oxidation of the 
non-ketonic fraction with periodic acid then give, respectively, a measure 
of the “preformed” 17-ketosteroids and of those formed by the oxidatne 
treatment Following hydrolytic procedures a or b, a significant quan- 
tity of 17-ketosteroids is generated from non-ketonic material on oxida- 
tion with periodic acid As none is observed after hydrolysis c, it 
follows that the precursors of the formed 17-ketosteroids are destroyed on 
being subjected to strong acid treatment That the precursors are 
excreted in conjugated state is e\ idenced by the significantly low er values 
encountered on processing the unne without any form of hydrolysis 
In one case of adrenocortical hyperplasia and two cases of adreno- 
cortical carcinoma, the daily excretion of non ketonic substances oxidiza- 
ble with penodic acid to 17-ketosteroids amounted to the equivalent of 
10-16 mg of the latter as compared to the excretion of about 0 4 mg by 
normal individuals, m the three pathological subjects, the output of pre- 
formed 17-ketosteroids was, respectively, 25, 60, and 200-375 mg (249) 
Fieser, Fields, and Lieberman (57) have also observed the formation 
of 17-kctosteroid3 on penodic acid oxidation of the non-ketonic alcohols 
deriv ed from commercially processed human pregnancy urine subjected 
to acid hydrolysis The periodic acid oxidation of 90 g of this fraction 
(from 467 1 of urine) jielded 4 14 g (4 6%) of ketonic material which 
could not be crystallized after repealed chromatographic fractionation 
but which contained the equivalent of 0 87 g of androsterone by colon- 
metric assay The output of precursors is thus about 2 mg /I , a level 
somewhat ^gher than that encountered by Talbot and Eitmgon (249) 
in normal individuals (0 4 mg per day) and suggestive of increased 
adrenal cortical activity during pregnancy, which is also evidenced by 
other entena of cortical function (Table XXII, page 604) Accordmg 
to Dobrraer and Lieberman (137) however, the quantity of 17-keto- 
steroids generated with penodic acid from the non-ketonic fraction of 
urine does not in general parallel the excretion of active cortm 

An exploration has been earned out (57) of the possibility of separat- 
ing 1 2 or 1,3-glycols from unneas theiracetals wnth m-hydroxybenzalde- 
hyde so that the condensation products could be selectively extracted 
from a mixture with alkali Wlule acetal formation readily took place 
m model experiments with A^-pregnen-17“a,’ 20,21-tnol-3-one and 
A'-pregnene-3(/3),20,21-tnol, only 0 and 20%, respectively, of the onginal 
steroid could be recovered from the acetals by acid hydrolysis, presuma- 
bly due to the high sensitivity of a glycols to dehydration 

At least one non-ketonic metabolite has been isolated which gives rise 
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6 L}-AndTosleneS{0),t7{a)-diol 

Large quantities (8^8 mg /I of A*-androstene-3(^),17(a)-dioI (CXL- 
VIII, page 613) have been isolated by Hirechmann and Ilirschmann (99) 
and by Schiller et al (221) in cases of adrenocortical carcinoma in either 
sex, smaller quantities occur m the urme of female patients vith adrenal 
tumor and little or none in cases of hyperplasia (164), the compound has 
not been met with in fractionation of normal urme That CXLVIII 
may anse in vivo from dehydrotsoandrosterone (CXLI, page 608) is 
clearly illustrated from the isolation by Mason and Kepler (163) of 6 5 
mg of the diol from the urine of a subject with impaired cortical function 
given 1090 mg of CXLI (as acetate), the reaction is reversible, as in 
the guinea pig the administration of the diol leads to the excretion of the 
ketone (173) In the rabbit however, the onalagous metabolite of 
dehydroisoandrostetone (CXLI) is the 17(d) epimer of CXLVIII (103) 
It IS mteresting to note that the same species difference m the stereo- 
chemical configuration of the I7-hydro\yl group obtains m the estrogen 
senes, where, in man, a-estradiol arises from estrone, while in the rabbit 
d-estradiol is the principal excretory product (Chapter X) 

7 A‘-Andro8fene-S(3),I6,I7'friol 

A‘-Androstene-3(d),16,17-tnol (CXLIX), is present in the unne 
of normal men and non-pregnant women in concentrations of the 
order of 0 1 mg /I (Maman and Butler, 158) That it arises from 
the adrenal cortex is strongly suggested by the much higher output (ca 20 
mg or more per 1 ) in cases of adrenal carcinoma or tumor (Hirschmann, 
98, Mason and Kepler, 164) Hirschmann (98) offers the attractive 
explanation that the 16,17-glycol CXLIX is derived from dehydrotse- 
androsterone (CXLI) through the same senes of metabolic reactions 
believed to be associated ivith conversion of an analagous 17-ketone, 
estrone, to one of its 16,17-glycols, estnol Consistent with this view 
are the facts that all of the many attempts to identify dehj drotsoandro- 
sterone as a metabolite of testosterone have met with failure, and that 
the excretion of excessive amounts of dehydrmsoandrosterone (and of 
3(/3) hydroxy-17-ketosteroids in general) is associated with adrenocortical 
tumor or carcinoma The extent of the conversion is seemingly small, 
however, as Mason and Kepler (165) were able to isolate only 3 mg of 
the tnol from one of two Addisonisns maintained on desoxycorticosterone 
acetate and given 1090 mg of dehydroisoandrosterone (as acetate) , and, 
in normal rabbits given 4 g of the ketone, no significant quantity of the 
urinary tnol was excreted (103) 

It is not implied however, that the metabolism of dehydroisoandro- 
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sterone suppbed exogenously to normal individuals or a subject with 
hypopituitarism need follow the same pathway as that elaborated in a 
carcinomatous adrenal cortex 

8 L*-pTegneneSifi)^Oa'dtol 

Large quantities (35 mg /I ) of A»-pregnene-3(5),20a-diol (CL), have 
been isolated (as mono- and di-acetates) from the unne of patients 
■ivith adrenocortical carcinoma by Hirschmann and Hirschmann (99) 
and by Schiller el al (221), it also occurs in equine pregnancy urine 
(149) As the compound has escaped detection m the numerous explora- 
tions of normal unne, the physiological excretion, if any must be exceed- 
mglj small, and the excess m the abo\e instances is assumed to anse 
from the adrenal cortex 

9 Fr«;nanc-S(a) SOct^iol 

The excretion of pregnane-3(a) 20a-diol (CLI), as 3-monoglucuronide, 
which in the human represents the chief unnary transformation product 
of progesterone (see Chapter XI), provides a measure of both luteal 
and adrenocortical function The output of approximately 0 1 mg per 
day observed m the pre^owlatory phase of the normal menstrual cycle 
(255), m the o^anectomlzed woman (97), and in man (48,86) reilccts 
the normal contribution from the adrenal cortex, while much larger 
amounts anse from the corpus lutcum and placenta, as oMdenced by the 
daily excretion of quantities approaching 10 mg in the po3t*o% ulatory 
phase of the normal menstrual cycle and lOO mg in late pregnancy The 
relatnely small amount, presumably of adrenal ongm, excreted m the 
absence of a functioning corpus luteum or placenta is not measurable 
by the gravimetnc method of Venning (2^) for the estimation of preg- 
nanediol glucuronide, in these instances, roughly quantitative values 
are arn% ed at by the isolation of the free pregnanediol after acid hydroly'- 
sts of the conjugate m urine In xinhsm and pseudohermaphroditism 
m the female due to adrenocortical tumor or carcinoma, 10-20 rag 
daily of pregnanediol are excreted, but in cases of simple hyperplasia 
elevated values are not consistently observed (25,58,164,218,248 259) 

The pregnanediol of adrenal ongm may anse from progesterone 
(XXIV), or desoxycorticosterone (XXII) or both XXIV has been 
isolated (4,6) from cortical tissue and its convereion in titio to 
pregnanediol is conclusnely established (Chapter XI) That desoxy- 
corticosterone IS, in part, excreted as pregnanediol was first indicated 
by Cuyler, Ashley, and Hamblen (34), who claimed a nse m the preg- 
nanediol glucuronide titer of normal men treated with XXII "While the 
view was not credited m later communications from the same laboraton 
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(35), substantiation followed with the expenmental demonstrations by 
Westphal (263) and Hoffman, Kaamm, and Browne (104) that 7-15% 
of the desoxycorticosterone administered to rabbits is elimmated as 
pregnanediol glucuronide Dorfman and collaborators (60,107) have 
observed a 3% conversion of desoxycorticosterone to pregnanediol in the 
chimpanzee and man Conceivably also, other adrenal steroids may 
give rise to pregnanediol, although there is no direct supporting e% idence , 
if such IS not the case, however, the hundredfold increase in pregnanediol 
excretion in cases of adrenal carcinoma must be attributed to colossal 
over-production of progesterone and/or desoxycorticosterone 

10 PregnaneS{a),17,iO tnol 

Large quantities (ca 20 mg /I ) of pregnane-3(a),l7,20 tnol (CLII), 
have been isolated by Butler and Marrian (25,26,151) from the 
unne of women v-ith hyperplastic adrenals and symptoms of virilism 
together with much smaller amounts (ca 0 3 mg /I ) of a second tnol, 
the structure of which is not fully established but nhich 
appears to be the digitonm-precipitable 3(6)*hydroxy epimer of CLII 
The unnary tnol CLII represents a stereoisomer of the adrenal com- 
pounds J and 0 (XVIII and XIX), of Eeichstem’s senes, it is 
epimenc at C-5, bears at C-20 the hydroxyl group in either of the two 
orientations observed m Compounds J and 0 (which differ from each 
other only in this regard), and presumably possesses at C-17 the stable 
configuration of the adrenal steroids Neither substance has been 
encountered in the processing of normal unne by the usual methods 
(nhich incorporate acid hydrolysis), but it is perhaps highly significant 
that the isolation of large amounts of these acid sensitive 17 hydroxy 
steroids nas accomplished from unne specimens which had not been 
subjected to hydrolytic treatment but which may have been exposed to 
the action of bacterial enzymes In the expenence of Mason and Kepler 
(164), the excretion of CLII (which they observed m one instance lO the 
form of a glucuronidate) is generally confined to patients with cortical 
hyperplasia and is not frequently encountered m cases of adrenal tumor 
CLII IS oxidized by penoic acid to etiocholan-3(a)-ol 17 one (CXLIV) 
and acetaldehyde, accordingly it is included in the estimates of cortical 
metabolites from which 17-ketosteroids are generated on treatment ivith 
penodic acid 

11 PregnaneSia^flY-dtolSO-one 

Lieberman and Dobnner (130) haxe separated appreciable quantities 
of pregnane-Sfor),!? diol 20-one (17 hjdroxypregnanolone, CLIII) from 
the urme of subjects with adrenal hyperplasia (3 2 mg /I ), adrenal 
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tumor (0 5 mg /I), cryptorchidism (5 8 mg /I), and a eunuch gnen 
testosterone (0 007 mg /I ) In all cases eveept that of the crypt- 
orchid the urme nas acidified and boiled prior to extraction, m this 
case, nhich afforded the highest yield, heat treatment was not applied 
Careful examination of large volumes of the unne of normal individuals 
and of pregnant nomen failed to reveal the excretion of CLIII The 
compound is stereoisomenc with Reicbstem's Compound L (XX) 
from cortical extract, diffenng m configuration about C-3 and C-5, 
as ux the case of the urinary triol CLII, it is highly probable that the 
17-hydroxj 1 group is onented in the stable configuration of the adrenal 
steroids That it arises from the adrenal is strongly indicated from (a) 
the nature of the pathological states m nhich its excretion is observed, 
and (6) the presence in the molecule of the tertiary 17-hjdroxyl group, 
nhich IS distinctiie of the adrenal steroids Although CLIII possesses 
an or-letol grouping, the hydroxyl function of the latter is tertiary, 
accordingly this metaboUte is non reducing, stable to periodic acid, and 
IS not estimated by procedures c to e 

12 Unnary Slerotds Oxygenated at C-ll 
The failure to recogntie anj appreciable quantity of U-ox> genated 
compounds among the unnary steroids has long been conspicuous and 
quite irreconcilable aith the fact that at least 10 mg of ll*dcsoxy adrenal 
metabolites are excreted eveiy 21 hours It is now apparent that the 
11(d) hydroxyl group may be lai^ely eliminated by dehydration (see 
Table VI, page 508) m the course of the acid treatment usually applied 
to the hjdrolysis of the uater-soluble conjugates m unne Mason (161) 
and Mason and Kepler (164) isolated 11(d) hydroxy androsterone 
(CXLVI) from the acid-hydrolyzed urine of normal men (0 3 mg /I ) 
and of subjects aith adrenal cortical tumor or hyperplasia (1 5 to 2 I 
mg /I ), andshoued that the 11 hydroxjl group, asm the natural adrenal 
steroids, is sensitive to acid treatment which leads to an androsten- 
3(a)-ol-17-one (CUV) in which the ethylenic linkage is tentatively 


O 
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assigned the 9,11 position (the 11,12 position or a mixture of the two 
IS not excluded) From a case of adrenal vinlism, Miller, Dorfman, 
and Sevrmghaus (174) isolated the same 11-hydroxy androsterone 
(CXLVI) in much larger amount (10 5 mg /I ) from unne not subjected 
to hydrolytic treatment, and showed that its dehydration product (CLIV) 
was identical with the androsten-3(a) ol-17-one previously separated (4 8 
mg /I ) by Dorfman, Schiller, and Sevrmghaus (43) from acid-hydrolyzed 
unne of the same subject, and probably identical with that earlier 
obtained by Wolfe, Fieser, and Fnedgood (270), also from the acid- 
treated urine of a girl with cortical tumor It is thus apparent that the 
unsaturated compound CLIV is an artifact, and that ll-hydroxy- 
androsterone represents a normal adrenal metabolite 

More recently a second 1 1-oxygenated metabolite has been isolated 
from the unne of normal men and women (1-2 mg /I ) by Lieberman and 
Dobnner (131), who pro\ed the structure to be etiocholan-3(a)-ol-ll,17- 
dione (CXLVII) 

An interesting senes of Cjj metabolites, probably oxygenated at Oil, 
have been separated from equine pregnancy unne by Marker and collab- 
orators (142,144,148,153) The parent hydrocarbon, C«H»e, is not 
identical with pregnane or aliopregnane and is assigned the Q-isopregnane 
structure (urane) The three derivatives isolated, a uranetnol (CLV), a 
uranediol (CLVI), and a uranolone (CLVII), are formulated as shown 
below 



CLV CLVl CLVII 


a non-reactive hydroxyl group is placed at C-11 in all cases Marker 
(138) suggests that such transformation products may arise on saturation 
of an ethylenic linkage issuing from C-9 While the occurrence m mare 
pregnancy unne of a compound identical in its physical properties and 
m those of its derivatives with uranediol (CLVI) has been confirmed 
(3,117), stnct chemical proof of the 9-«5opregnane structure and of sub- 
stitution at C-11 remains to be furnished 

In addition to the excretory products listed above, several compounds 
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of unestablished chemical structure ha\e been isolated in crjstalUne state 
from the unne of human subjects uith adrenal hyperplasia, tumor or 
carcmoma (37,99,164,165) These conditions of excretion clearly imply a 
close metabolic relationship to the adrenal corticosteroids, but as the 
compounds are charactenied only by physical constants and empirical 
formulae, appreciation of the metabolic significance must an ait the full 
elucidation of chemical constitution 

13 Vnnary Slerotit ProbaUy of Cortical Origin 
The unnarj' steroids listed in Table XXVI have been separated, as 
indicated, mamly from the unnes of normal and pregnant humans and 
domestic animals Thus the physiological conditions under which the 
excretion of these melabobtes has been noted neither suggests nor denies 
cortical ongm, but there is indirect c\ idence that some, if not all, of these 
excretory products arise, at least m part, from the adrenal cortex 

The pregnane and allopregnane denvatives 2 to 10 in the table are 
all partial or complete saturation products of progesterone (XXIV), 
and, as such, may coQCcuably anse tn ttvo from progesterone of 
o^anan, placental, or adrenal ongm It is significant, however, that 
none of the possible reduction products of progesterone other than preg- 
nane>3(a),20a*diol (CLI) has actually been isolated in excessive amount 
follonmg the administration of the corpus luteum hormone to man 
or experimental animals, in spite of systematic searches (85,263) As 
It has been conclusuely proien (page 616) that desoxycorticosterone 
(XXII) acetate gii es nse to prcgnane-3(a),20a*diol, it follows that inter- 
mediates in this con\ersion may be excreted, further, this demonstration 
of the reduction tn tiro of the 21-alcoboIic group to the 21-methyl group 
renders plausible a similar metabolic pathway in the cases of other 
adrenal steroids Also it is to bo noted that the isolation of the com- 
pounds listed m Table XXVI has been accomplished almost exclusn ely 
from the urine of pregnancy, during which period the adrenal is knoun 
to be hyperactii e ith respect to excretion of other cortical metabohtes, 
namely cortm and reducing substances (Table XXII, page 604), only 
pregnane-3(a),20a-diol and allopregnone-3(a),20a-diol have been shown 
to occur in human non-pregnancy urine, the latter m quantity approxi- 
mately one sixth that present in pregnancy urine (156) The obsorv ations 
of Marker et fll (156) concerning the distribution of pregnane-3(ci),20a- 
diol, allopregnane-3(a),20a-diol and aIlopregnaiie-3(0),2Oa-diol m the 
urine of the bull and the pregnant mare are intriguing, with respect to 
each of these three compounds, the output of the male is tn ice that of the 
pregnant female, which points to the testis (in addition to ovary, pla- 
centa, and adrenal) as a very important source Further suggestion 
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TABLE XXVI 

Uhinast Steroids Possibly of Cortical Oricis* 


Steroid 

Urinary source 

Ref 

1 Allopregnsne 3(a), 16,20 tnol 

Mare pregnancy 

83,84,145,154, 



155,176 236 

2 Allopregnane 3(a),20a-diol 

Human pregnancy 

82 


Cow pregnancy 

139 


Mare pregnancy 

141 


Human non-pregnancy 

156 


AduH bull ' 

156 

3 A.Uopregnftne*3(^),20a-diol 

Human pregnancy 

150 


Cow pregnancy 

139 


Mare pregnancy 

150 


Adult bull 

156 

4 Allopregnane*3(/3),20^-diol 

Mare pregnancy 

3 

5 Pregnan 3(a)*ol 20-onc 

Human pregnancy 

140,180 


Sow pregnancy 

152 


Human neoplasm 

37 

6 AUopregnan S(a)'>oI 20-CDe 

1 Human pregnancy 

143 


Human neoplasm 

87 

7 AHopregnan 3(fl)-ol 20-one 

Human pregnancy 

181 


Mare pregnancy 

89,148,178 


Sow pregnancy 

152 

8 Pregnane-3, 20*di<5ne 

Mare pregnancy 

148 

9 AllopTegnane-3,20-dioiie 

Mare pregnancy 

148 


Human neoplasm 

37 

10 Pregnan 3(a)-ol 

Human pregnancy 

146 

11 Androstan 3(d)*ol r-one 

Mare pregnancy 

89,90,178 


• Etiocholane-3(a), 17(a) diol la frequently bated (187,227) as a constituent of 
normal male bni&an untie \\hile this compound rbs isolated by Bulwiandt and 
collaborators (16,24) from human male urine ufaich had been subjected to the reduc 
tive action of aluminum amalgam, they were unable to confirm its presence m urine 
not so treated as the original investigatora point out, the dial raav well represent an 
artifact arismg from the saturation of a ketone — such aa etioeholan 3(a)-oI-17-one 
(CXLIV) Etiocholane 3(a},17(a)>diol has however been isolated from the urine 
of rabbits and normal men treated with testosterone (103) 

that these reduction products of progesterone may anse in part from the 
adrenal cortex is afforded by the isolations of Dobriner el al (37) of 
allopregnane-3,20-dione, alIopregaaQ-3(a)-ol-20-one and pregnan-3(«)- 
ol-20'one from the urine of patients with neoplastic disease, and by 
the isolation by Mason and Kepler (164) from the unne of women with 
adrenal hyperplasia of a substance agreeing m physical properties with 
pregDane-303),20(Q:)-diol; none of these compounds has been reported 
in normal unne 

No positive information is forthcoming concerning the ongin of the 
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remajnmg o unnarj steroids listed m Table XW I as their isolation 
has been effected onlj from mare pregnancj urine The same source 
has also proAuded a number of steroids of undetermined chemical struc 
ture which may T\ell represent adrenal metabolites among these maj 
be mentioned a keto-lactone CuHtiOi (84 112) a compound possibly 
identical with A>* allopregnenol-3(d)-ol 20 one which is excreted as its 
sulfunc acid ester (117 118) and two unknown isomers of pregnanolono 
and an isomer of androsterone (178) conccnable additional adrenal 
metabolites are an alloprcgnanetnol and an allopregnanetetrol which 
occur in stallion urine (147) but m wluch the position of the hydroxjl 
groups has not been ascertained 

Excessne quantities of estrogen as determined by bioassay are 
excreted m certain cases of adrenal tumor (15 61 62 235) and estrone has 
recently been isolated by Mason and Kepler (164) from the unne of one 
such subject a-cstradiol and estnol could not be identified The addi 
tional estrogen is probablj of cortical origin as the quantity obtained 
(ca 1 5 mg /I ) far exceeds the normal output m the non pregnant state 
(ca 0 05 mg /I) and presumabl> it arises through oxerproduction in 
the presence of the le«ion of estrone which has been identified (5) as a 
constituent of normal cortical tissue 

B \napolis.m 

The large quantitj of steroid hormone metabolites excreted per daj 
(up to ea 30 mg in the non pregnant state and up to ca 200 mg near 
parturition— Section ^ II A) stands m sharp contrast to the extremelj 
minute quantities (of the order of 1 part m 40 000-15 000 000) of actnc 
hormones which maj be demonstrated to be pre^-ciit m the appropriate 
secretory organs (gonads adrenal and placcnt i) of a s ngle indn idual 
and has long indicated rapid sjnthesjs of the humoral agents from 
anabohtes of low molecular weight or a rapid turno%er from a more 
abundant immediate precursor FMdcncc is now accumulating in 
direct support of the postulate that cholesterol which constitutes about 
4% of adrenal tissue functions tn ino as a precursor of the bile acids and 
steroid hormones This information gained mainly through the appli 
cation of the tracer elements deutenum and C” tends to invalidate 
earlier hypotheses (207) that the highlj oxygenated adrenal steroids m 
particular may arise from a condensation of 3-carbon tnose residues 
(c g dihydroxj acetone glyceraldehyde etc ) and subsequent reduction 

That cholesterol may be synthesised in the animal organism has been 
recognized since 1933 when Schoenheimer and Breusch (222) clearly 
demonstrated m mice an accumulation of cholesterol o\ er and aboi e the 
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restricted dietary intake, con\ersely, with the ingestion of excessive 
amounts of cholesterol, much disappeared from the body More con- 
vincing proof of the synthesis of cholesterol followed the introduction of 
isotopic hydrogen as a tracer element The utilization of acetic acid by 
jeast m the formation of sterols was shown m 1937 by Sonderhoff and 
Thomas (237), and, in 1942, Bloch and Rittenberg (9) found that acetic 
acid, fed to mice as sodium deutenoacetate, was incorporated into both 
the side chain and ring system of the cholesterol molecule It is esti- 
mated that at least half the hydrogen atoms of cholesterol are derived 
from the acetate (11) Further substantiation of the acetic-acid- 
cholesterol conversion came with the use of sodium acetate in which the 
methyl group contained 70% deuterium and the carboxyl group, excess 
of the stable heavy isotope of carbon, C*’, administered to mice, the 
isolated cholesterol contamedsufficient H* and C“ to indicate the assimila- 
tion of both carbon atoms of the acetic acid into the sterol (214) Pro- 
pionic, butync, and succinic acids failed to give rise to the sterol (9), 
which indirectly excludes pyruvic and acetoacetic acids as intermediates 
in the synthesis and which bears out the thesis earlier (1937) enunciated 
by Rittenberg and Schoenheimer (215) that the utilization of the higher 
fatty acids m the synthesis of the sterol molecule is quite improbable 
As concerns the breakdoivn tn vtvo of cholesterol, the administration of 
deutenocholesterol (10) to dc^ (8) and to a ^ oman in the eighth month 
of gestation (7) led to the excretion, m the bile and unne, respectively, 
of deutenum-rich cholic acid and pregnane-3(a),20a-diol These 
observations clearly suggest that the Ctr sterol is catabolized m the body 
to the Cai bile acid and to the C*i excretory product of progesterone, m the 
latter con\ersion it is inferred that the reactions proceed through the 
luteal hormone itself In the demonstration of these anabolic and 
catabolic reactions m which cholesterol participates, it has been shown 
in all cases that the concentration of deutenum or C'* in the product, 
relative to that m the starting material, is sufficiently high as to render 
improbable deutenum exchange reactions or syntheses m\ olving heavy 
water or carbon dioxide resulting from the total combustion of the 
isotopic substance under examination 

Good presumptive evidence that cholesterol functions as an imme- 
diate precursor of the adrenocortical hormones is proi ided by the dis- 
appearance of large quantities of this sterol from the hyperactive gland 
(t e , dunng stress, or following stimulation from corticotrophin) Com- 
mensurate with the utilization of the sterol, there is a marked dechne m 
ascorbic acid content, which strongly suggests that the vitamm is inti- 
mately associated with the mechamsm of the supposed conversion of 
cholesterol to the corticosteroids The physiological significance of the 
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cholesterol-oscorbic-acid-cortical-hormone relationships is considered in 
detail and with complete bibliography in the chapter by R L Noble, 
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I. Gonadotrophic HormoDes 

From the work of Smith (212), Zondek and Asohhctm (236), and a 
number of later miestigators (225), it was clear that pituitary extracts 
or implants produce too gonadal reactions (o) the stimulation of follic- 
ular growth in the ovaries and of spermatogenio activity in the testis 
and (6) the final npening of the ovarian follicles together with the exhibi- 
tion of estrus or heat, the rupture of the follicles and their transformation 
to corpora lutea, and m the testis the assumption of a functional role 
on the part of the Leydig cells, which ostensibly secrete testosterone, 
which in turn causes the development and assumption of function on the 
part o1 the secondary sex glands 'Jvhet'her or not these reactions are 
due to one or more hormones m the pituitary has been the subject of a 
number of mvestigations (215) Some investigators inferred from their 
physiological experiments that there was only one gonadotrophic hor- 
mone and that a difference in mode of administration oi m dosage deter- 
mined the type of reaction observed They would not feel that their 
contention is negated by the chemical fractionation of tw o substances in 
pure or almost pure form from pituitary tissue and by the experimental 
replacement of all gonadotrophic functions of tlie pituitary by the admm- 
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istration of these substances We will not further discuss this dispute to 
i\hich more extended reference is made elsewhere but ivill content our 
selves ivith an account of the chemical methods which have led to the 
separation of two pituitary gonadotrophic substances and of the chemical 
characterization of those substances 

The first separation of pituitary gonadotrophic fractions into tivo 
components was obtained by Fevold Hisaw, and Leonard (69) in 1931 
Subsequent work from other laboratories (11,103 227,228) confirmed the 
concept that tw o hormones are present m pitmtary extracts — hormones 
which exhibit two kinds of gonadotrophic activity They have been 
designated the follicle stimulating hormone (FSH) or thylakentnn (37) 
and the interstitial cell stimulating hormone (ICSH) or metakentnn 
(137) The latter was first called the luteinizing hormone or LH 

In 1940 two laboratones mdependently announced the isolation of 
ICSH in pure form from sheep (138) and swine glands (203) The 
preparations appear homogeneous in electrophoretic, ultracentnfuge, 
and solubility studies,* and it is particularly important that they are 
freed from contamination wTlh the other gonadotrophic hormone, FSH 
On the other hand highly purified FSH preparations have been reported 
(80 89) though this hormone has not been isolated m pure state 

Recently Evans Simpson, Lyons and Turpemen (59) showed that 
lactogenic hormone can awaken or intensify corpus luteum function 
causing placentoma production m normal adrenalectomized, and hypo> 
physectomized animals It should therefore be considered the third 
member of the pituitary gonadotrophic complex The chemistry of this 
hormone ivill be presented in another section 

A Interstitial Cell Stimulating Hormone (ICSH or LH) 

1 Methods of Assay 

Many methods for the determination of the potency of ICSH have 
been proposed from different laboratones There is as yet no standard 
method to establish an intemational unit so that the potency of hor 

following the commonly accepted methods are summarized 

o Increase of Ovarian Weight in Normal Immature Rats This 
method (65) depends on the first-known charactenstic of the hormone — 
that of producing copora hitea in the ovaries of immatuie female rats 
and of increasing the weight of the ovary when injected m combination 
with FSH Twenty one day old female rats of 35-40 g body weight 
are used Before the injection of ICSH, the ovarian weight of the 
* For a discussion of entena of purity in proteins see (183 202) 
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animal is caused to increase 100% o%er that of the control by the admin 
istration of F3H for four days Different dosages of ICSH are then 
injected subcutaneously tvsnce daily over a period of fi\e days simul- 
taneouslj mth the same amount of FSH The o\aries are weighed and 
examined on the sixth day A. unit of ICSH is defined os the amount of 
hormone which produces an additional 100% increase m the ovarian 
weight together vvnth the production of corpora lutea (67) The fact 
that the method is based on the action of two hormones makes it difficult 
to determine quantitatively the content of ICSH m crude or partially 
purified extracts, where an unknomi amount of both hormones is already 
present However, the method ma> be useful m the standardization 
of the pure hormone 

f> ffepair o/ Ovarian Jnferafiltal Tissue in Hypophysecfomized Rots 
As the name of the hormone indicated, ICSH is selectivelj able to repair 
the degenerated interstitial celb (deficiency cells) m the ov anes of hjiio- 
physectomized animals, i e , it causes the resumption of a normal nuclear 
picture, abolishing the agrmnated and wheel pattern of the nuclear 
chromatin The method as developed by Simpson et al (207) is based 
on this characteristic of the hormone The rats are used at a standard 
age (20-28 da>8) and postoperative penod (6-8 days) The routine 
injection procedure is once daily, intrapentoneally for three daj s followed 
by autopsy 72 hours after the first injection The ov anes are sectioned 
for histological exammation The amount of protein giving a minimal 
but defimte effect on the “deficient’ interstitial cells is called an ICSH 
unit It must be mentioned that if the subcutaneous route of injection 
is used, the test is one fifth as sensitive 

c Increase of Seminal Vestde Weight tn Normal Immature Rats 
The known action of ICSH in male rats is also the stimulation of the 
mterstilial cells, which in this case produce androgen, which in turn 
causes a weight increase of the secondarj «ex organs A test for ICSH 
potency in immature rats based on this principle has been proposed by 
Fevold (65,67) Male rats 22 days old are injected twice daily for four 
or five days, the animals are autop'^ied 24 hours after the last injection 
The seminal vesicles plus the coagulation glands are dissected and 
weighed A unit is defined as the amount of hormone which produces 
100% increase in these combined weights as compared with the weight of 
controls Fevold found that the method could be employed to estimate 
the ICSH content in unfractionated extracts and believed that it gave 
consistent and reliable results Although the method appears conven- 
ient and simple, the sensitivity of the method is unfortunately greatly 
influenced by the strain of animals used In rats of the Long Evans 
strain, the semmal vesicles are hardly hypertrophied after the injection 
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of ICSH or unfractionated extract, the same materials, houever, cause 
as high as 400% increase in the seminal vesicle weights in the Sprague 
Daw ley strain of rats (67,76) 

d Increase in IFeiffhl oj the yenlrdl Ldbe oj the Prostate in Hypophy 
seciomieed Male Rais Creep et al (91) have pointed out the relatiiely 
greater reactivity of the ventral lobe of the prostate m the measurement 
of ICSH activity Hypophysectomized male rats (21 days old at opera 
tion, tn 0 days postoperative at the beginning of mjections) are injected 
subcutaneously daily for four days with autopsy on the fifth day, 24 hours 
after the last injection Creep et al propose as standard dose (unit) 
the amount of hormone causing a 100% increase m weight of the ventral 
prostate as compared with untreated controls (92) The fact that the 
presence of FSH does not potentiate the ICSH activity makes the 
method particularly valuable We have confirmed the usefulness and 
rehabihty of the method and found further that the test becomes more 
sensitive when injections are made mtrapentoneally instead of sub- 
cutaneously (207) 

e Other Methods Witschi (234) suggests the use of the melanin 
reaction in the pectoral or abdonunal feathers of African weaver finches 
as a measure of ICSH activity The weight increase of the testes of 
immature pigeons or of one*day-old chicks has also been proposed for the 
standardization of ICSH (208) 

2 Methods o/ Jstdotion 

The ICSH content of pituitary tissue from different animals has been 
studied by a number of investigators (65,229,234) '\\e may summanze 

by stating that the ICSH content of pituitanes decreases m the folloRing 
order sheep rabbit swine, rat, dog, horse, man, and beef It is obvuous 
that the pituitary glands commonly used for the isolation of ICSH are 
those from sheep or pigs These glands as secured from slaughter houses 
may be either stored in a frozen state or desiccated with acetone * We 
have found that no loss of hormonal activitj can be detected when 
glands are kept at — 15®C foroverayeor 

The snbreats ©icuirally used, tm; thn esitanfoAO. rit the. Buxa/lalrophic 
principles from the pituitar> are w eak aqueous alkalis or dilute alcohol — 
saturated banum hydroxide (54), 0 02 ammonium hydroxide (5), 2% 
pyndme (65), and 40% alcohol (228) Fevold (65) has found that 
pyridine is not onlj a good extractive but serves also as a preservative 
In a later report, Fev old et ol (70) favor dilute ammonium hydroxide as 
the extracting agent 

’Kuppennan Elder, and Meyer (110) have investigated various methods of 
reserving pituitary glands 
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a Isolation of Sheep ICSH The method of Li, Simpson, and Evans 
(138,139,140) for the isolation of ICSH from sheep glands as a pure 
protein is as follows 

(/) Three hundred grams acetonc^esiccated whole sheep pituitary tissue is 
extracted with 4 I 40% alcohol over a period oC two days with constant stirring 
and the re*<idue is reextraeted similarl) using 2 1 of the alcohol The supernatant 
liquids are combined and filtered through coarse folded filter paper The clear 
filtrate is brought to 80 or 85% alcohol by the addition of 95% alcohol and adjusted 
to pH 5 5 by the addition of glacial accUc acid The precipitate formed is removed 
b} centrifuging and dried w ith absolute ethyl alcohol and ether The following steps 
are carried out at S®C 

( 8 ) Fifty grams of this powder are extracted with 3 1 distilled water The super 
natant is mixed with an equal volume of acetone at about pH 4 5 The precipitate 
IS next extracted w ith 1 1 1 % sodium chlonde solution 

(S) The 1% saline extract is brought to 0 5 saturation with solid ammonium sul 
fate The precipitate is removed by centrifugation and the supernatant liquid is 
saved for purification of the FSH 

(.{) The 0 5 precipitate is dissolved in distilled water and brought to 0 2 
Baturation with the addition of ShS The supernatant liquid is next brought to 0 4 
SAS 

(d) The 0 4 SAS precipitate is dissolved in distilled water* and brought to 0 37 
AS and SAS is added to the supernatant to 0 4 saturation 

(f) The precipitate between 0 37 and 0 4 SAS is dissolved in distilled water and 
brought to 2 5% tnehloroacetic acid by the addition of a 10% solution The preeipi 
tate farmed is dissolved in asmall volumeol an aqueous alVahne solution and dialysed 
The ICSH IS obtained in dry form by lyophilization 

The hormone thus obtained is free of other hormonal contaimnants 
When 3 mg of the material is injected subcutaneously* in immature 
hypophysectonuzed female rats, no histolopcally detectable follicular 
stimulation is observed On the other hand, 0 005 to 0 01 mg of the 
same substance causes repair of the ovarian interstitial tissue in such 
rats on intrapentoneal injection In the same type of animal, 2 mg of 
the preparation is free of thyrotrophic hormone, 10 mg free of adreno- 
coiticotrophic and of growth hormone In pigeons, 10 mg shows no 
crop stimulating actmty 

When the preparation is subjected to electrophoretic, ultracentrifuge, 
and solubility tests (140), it behaves as a homogeneous protein 

Fevold el al (65,70) have also described a method for obtaining a 
highly purified sheep ICSH but their preparation contains two com 
ponents m electrophoretic and uUracentnfugal analysis 

* S4S will be used throughout this chapter as an abbreviation for saturated ammo- 
nium sulfate 

* At this step an alternative procedure has been described for obtaining pure 
ICSH by precipitation at pH 40to41ui0 33 SAS rolution (140) 

‘ See page M3 for testmg FSH 
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6 Isolalion 0/ Svnne JCSH Chow, van Dyke, and co-workers 
(35,203) have described a method of obtainmg ICSH from the glands of 
swme m pure form Their procedure is outlined below 

(/) Four and one-half kg of ground fresh swme glands are extracted with 22 5 1 
2% sodium chloride at 4*C The supernatant hquid is made acid with hydrochloric 
acid to pH 4 2 to 4 6 

(2) To the supernatant, solid ammonium sulfate is added to saturation The 
precipitate farmed is dissolved m water and dialyzed The dialyzed soluble solution 
IS next adjusted to pB 5 1 to 5 5 

(S) The supernatant fluid 13 made to 0 33 saturation with ammonium sulfate 
The 0 33-SAS-soIuble fraction is brought to 0 9 saturation 

(4) Thepreeipitateisdissotvedmwater and dialyzed ammonium sulfate is added 
to the dialyzed solution until 0 33 saturation After centrifuging off the small 
amount of precipitate, the supernatant is adjusted to pH 7 3 

(£) The precipitate farmed is dissolved m nater and step 4 is repeated at least 
seven times The final pH 7 3 precipitate at 0 33 SAS is the pure hormone 

The preparation isolated shows homogeneitj m electrophoretic, ultra 
centrifugal, and eolubihty tests The preparation was examined in 
immature hypophysectomized female rats for the detection of FSH 
adrenocorticotropbjc, and thyrotrophic contaminants and these were 
found to be absent m the large dose employed (0 34 mg daily for ten 
days) No data however have been furnished as to the absence of the 
growth and lactogenic hormones 

3 Comparison of Swine and Sheep ICSII 
a Physicochemical Properites From osmotic pressure measure 
ments, a molecular weight of 40,000 is obtained for sheep ICSH whereas 
the snune hormone has a value of 100 000 os calculated from ultracentnf 
ugal data The sedimentation constants, Sto, of sheep and swine ICSH 
are 3 6 X 10“” and 5 4X 10”’*, respecti\-ely The latter \alue, if cor 
rected for the viscosity and density of the soKent, becomes 6 8 X10“‘* 
Electrophoretic expenments also reveal dissimilarity m the protein 
hormones isolated from these two different species At pH 7 85 and 
lomc strength 0 05 buffer, swine ICSH migrates with a rate of 0 52 X 10'* 
cm */sec /v , while the sheep hormone has an electrophoretic mobility of 
6 36 X 10”* m a buffer of pH 7 53 and lomc strength 0 05 Sfieep ICSH 
possesses an isoelectric pomt at pH 4 6 and swme at pH 7 45 

This difference m the electrical properties of swme and sheep ICSH 
has been further verified by Chon et of (35) They hai e compared the 
electrophoretic behavior of the swine hormone mth that of a highly 
purified sheep ICSH prepared by Jensen Although Jensen's prepara 
tion contamed two components they were able to show that the biological 
activity is associated mth the mam component and that the isoelectric 
pomt of the mam component may be estimated at about pH 4 8 to 5 0 
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Both sheep and smne ICSH contain carbohydrate but the content 
differs significantly The sheep hormone has 4 5% mannose and 5 8% 
hexosaimne, Mhile smne has 2 8% mannose and 2 2% hexosamme 
(93,138) The tryptophan content of the two hormones has also been 
found to be different By the glyo'^hc acid method, swine ICSH is 
shown to contain 10% tryptophan, the hormone isolated from sheep 
glands on the other hand contains 3 8% trjptophan Table I gives a 
suramarj’ of the phj sicochermcal data for ICSH as isolated from sheep 
and swine pituitary glands, respectively 


TABLE I 

PmsicociiEviCAL CiiARAcreiusncs or Siieef and Swine ICSII* 


Betcrminaiions 

Sheep ^ 

Swme 

C, % 


49 37 

H, % 

1 

6 83 

N, % 

14 20 1 

14 93 

Molecular weight 

40 000 

100 OOO 

Isocketric point, pH 

4 6 

7 45 

Sedimentation constant, S X 10'* 

3 6 

5 4 

Tyroame, % 

4 5 


‘riyptophan, % 

1 0 

3 8 

Mannose, % 

4 5 

2 8 

Hexosamme, % 

5 8 

2 2 


«Sec(93 138 140203) 


6 Irnmunologicdl S'pecifictly Perhaps the most sensitive test for 
species differences m proteins is obtained from immunological reactions 
Chou (31) has made such studies with swine and dieep ICSH When 
the pure swme ICSH is injected into rabbits, the production of specific 
antibodies can be demonstrated both by the precipitin and complement 
fixation reactions The antiserum* thus obtamed does not react with 
pure sheep ICSH or extracts prepared from sheep glands It nould 
therefore appear that the interstitial cell stimulating hormones isolated 
irom swme and sheep g’lanSs are chemicaYiy diHerent entities 

c BiologtcoX Potency of Swine and Sheep ICSH Since the sheep 
and smne hormones have been shown to be different substances it would 
not be imexpected that they should differ m biological potency Some 
differences have been reported Creep ct ol (92) have found that the 
• Chow has further demonstrated tbit the swine ICSH is not only "lobe specific ” 
but also ‘ hormone specific ' The immulogical study may therefore serve as a highly 
sensitive and specific test for hormonal contaminanta in any supposedly pure hormone 
preparation 
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sheep ICSH js /ar more active m the repair of the ovarian interstitial 
ce\b TQ bypophysectoimzed rats and ui cansing ovulation m tabbits than 
IS the sunne hormone On the other hand, the tv. o hormones are equally 
effective m stimulating the anterior prostate of hypophysectomized rats 
Table II presents a comparison of the ICSH potency of these too hor- 
mones as determined by different tests 


TABLE II 

Biological Potbncy op Pune Swine and Sheep ICSH® 


Test 

Sheep 

j Swine 

Total dose necessary to increase weight of ventral 
prostate from 6 39 to 9 45 mg in hypophyscc I 
tomized rats I 

1 0 0134 mg 

' 0 0134 mg 

Total dose necessary to repair ovarian interstitial ' 
cell iQ hypophysectomized rats 

0 005 to 0 010 

1 >0 10 

Total dose necessary per kg body weight to produce 
positive response in ovulation of all of 8 rabbits 

0 007 

1 

1 >0 m 


•See (92) 


4 Effect of Various Agents on ICSH Acimly Chemical Differences 
between FSH and ICSH 

Since the original observation of Fevold el al (69) that FSH is more 
soluble m aqueous salt solution than ICSH, a considerable number of 
studies has been made as to chenucal differences m the two hormones on 
treatment with vanous reagents Mthough almost all experiments ha\e 
employed impure preparations, the results obtained are of value in our 
understanding of the mtnnsic nature of the hormones 

a Effect of Ketene Ketene is considered to be a mild and specific 
acetylatmg agent for aqueous protein solutions Three groups m pro- 
teins are known, to react with this agent iftz the ammo, phenolic hydroxyl, 
and sulfhydryl groups Both punfied fBH and ICSH fractions have 
been subjected to ketemzation at room temperature (137) After fire 
minutes treatment, the interstitial cell stimulating activity is greatly 
reduced while the follicle stimulating action is apparently unchanged 
Upon longer treatment (thirty imnutes), both hormonal activities are 
almost completely destroyed The mactivation of ICSH by ketene was 
later confirmed ivith a pure preparation (138), based on results obtained 
by other investigators, it is assumed that the free ammo groups are essen 
tial for the biological activity of ICSH Though it is admitted that such 
assumptions are invalid intbout complete chemical analysis of the active 
groups in acetjJated samples, nevertheless the results obtained suggest 
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distinct chemical differences bettveen ICSH and FSH in the manner of 
inactivation by ketene 

b Effect of Cyslnne It is generally agreed that cysteine reduces 
— S — S — cross links m proteins at an alkalme pH, t e , thiol groups result 
and a corresponding amount of cysteine is oxidized to cj stme Fraenkel- 
Conrat el aJ (79) ha've used this reducing agent to investigate the essen- 
tialitj of disulfide ( — S — S — ) groups m gonadotrophic hormones 
'^^hen FSH and ICSH preparations are allowed to react with cysteine 
(fortj times the amount of protein) at pH 7 7 for two days, their biological 
activities are greatly decreased In alater report (81), no loss of gonado- 
trophic potency n as noted under conditions of cysteine treatment milder 
than those emploj ed for the inactivation of insuhn It appears that the 
disulfide groups in these gonadotrophic substances are not so readily 
reduced as is the case mth other proteins They conclude that the 
integrity of some disulfide bonds which are not easily reduced is essential 
for hormonal actmty The inactuation of FSH by cjsteine has been 
confirmed by MeShan and Meyer (103) The results of Bischoff's 
experiments (18) are al«o m complete agreement with those reported by 
Fracnkel-Conrat el al 

e Effect of Prolan Precxpxlanls It was noted in the course of the 
purification of ICSH that FSH was soluble in 2 6% trichloroacetic acid, 
whereas ICSH was completely precipitated in the same solution (138) 
By using other protein precipitants, Fevold (64) has also obserted chemi- 
cal differences m the tw o hormones, FSH was found to be inactivated by 
picrolomc, picnc, and flavianic acids, whereas ICSH retained its activity 
on treatment wnth these reagents IVhile we must note that these results 
were not confirmed by Jensen el of (104), it is important to remember 
that the disagreement could be due to differences in the assay methods 
employed, the strain of ammals, or m the purity of the hormones In 
inew of our expenraents with trichloroacetic acid we view it as likely 
that the two hormones can be observed to differ m their reactions with 
\ arious reagents 

There is another protem precipitant, namely tannic acid, which has 
been used for some time m augmenting FSH or ICSH potency (68,76) 
The augmenting effect of tanmc acid and other agents on the two hor- 
mones is discussed elsewhere in this volume 

d Effect of Enzymes In 1929 Reiss and Haurowitz (189) discoiered 
that crude trypsin destroyed gonadotrophic activity in a pituitary 
extract Later, Bates, Riddle, ef of (11,194) found the destructive action 
of a punfied trypsin preparation on FSH However, MeShan and Meyer 
(161) could not confirm these results, they stated that commercial 
trypsin destroyed almost all ICSH (88), but not FSH, activity The 
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results of Chen and van Dyke (30) and Creep (88) agreed with those of 
McShan and Meyer. On the other hand, Abramowitz and Hisaw (1) 
claimed that neither crystalline trypsin nor chymotrypsin inactivates 
ICSK more rapidly than FSH, It may be well to point out that all 
these results wre obtained from assays in normal animals and further- 
more that the extent of ensyroic digestion in no case was determined. 


TABLE III 

Effect of SoitE Proteoettio Ehztues on Gonadotrophic PoTEsct of Swine 
P ntJiTARy Extract* 


Enzyme 

Protein 

1 digested, % 

FSH 

1 

ICSH 

Crystalline carbozypepti- 
dase 

5 (3 hr.) 

Unaffected 

Unaffected 


5-12 (3<Ml hr.) 

Unaffected or reduced ' 

Reduced 

Crystalline chymotrypsin 

18-35 1 

Reduced 

Absent 


63-80 

Absent 

Absent 

Crystalline trypsin 

12-48 ! 

Reduced 

Absent 


1 

Usually absent ' 

Absent 

Merck's trypsin 

10 

Unaffected 

Unaffected 


35-46 

Unaffected or reduced 

Reduced 


61-75 

Unaffected or reduced 

Absent 

Papain I 

6-31 

' Unaffected 

Unaffected 


60-65 

1 Reduced 

Reduced 

Crystallme pepsin 

16-34 

Unaffected or reduced 

Bedueedl 


53-80 

1 Absent 

Reduced! 


* Taken from Chow, Creep, and van Dyke (34)- 


The controversies concerning the trypsin experiments finally become 
clear. Chow, Creep, and van Dyke (34) have reinvestigated the effect 
of crystaUine trypsin and commercial tcjiisin (Merck) on the gonado- 
trophic activity of pituitary (swine) extract in a most careful and thor- 
ough manner The rate of hydrolysis of the extract was estimated by 
determining the decrease of protein precipitable by trichloroacetic acid, 
and the destruction of gonadotrophic potency was followed by assays in 
immature hypophysectomized male or female rats. Using crystalline 
trypsin, Chow et al found that with over 60% digestion all gonadotrophic 
activity is lost while when the amount of digestion is between 12-48%, 
FSH appears to be more reiristant than ICSH. If commercial trypsin 
IS used, the disappearance of 10% of the protein is not followed by any 
destruction of FSH or ICSH potency, but, when higher percentages oi 
protein are digested, ICSH appears to be selectively destroyed. The 
interesting results with crude trypan cannot be explained by the presence 
of crystalhne trypsin, Ghow et ed. ctmcJude that "the proteolytic 
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actn ity of Merck’s trjTJsm depends to a major extent on the presence of 
en 2 yme(s) other than trypsm or chymotrypsm ” Chow, Creep, and 
%an Djke (34) have also studied the effect of crystalline pepsin on FSH 
and ICSH potency Tlieir results are summanied m Table III 

Another difference in the reactivity of the two gonadotrophic hor- 
mones toward enzymic digestion is shown by the expenments of MeShan 
and Meyer (161,162), who found that ptyalm (sahva) abohshed the 
follicle-stimuHting activitj, the luteinizing activity being relatively 
resistant 


B Follicle-Stimueatinq Hormone (FSH) 

1 Methods of Assay 

a Normal Immature Female Rats Since FSH stimulates follicular 
growth, It 13 obvious that one may use mcrease m ovanan weights as 
contrasted wnth tho«e of controls to determine rat units (63,70) Fevold 
and co-w orkers hav e emploj ed this method routinelj for the quantitative 
estimation of FSH potency It must be emphasized that FSH is poten- 
tiated by the presence of ICSH and that, if the animal’s own pituitary is 
present or if FSH fractions are not free from ICSH, the assay results 
obtained in normal immature animals do not represent absolute units 
of FSH 

Another procedure, based on the fact that FSH exerts an augmenta- 
tion effect on the activity of the gonadotrophic principle m pregnant 
women’s unne (CG, chononic gonadotropin) m immature female rats, 
has been reported by Ev ans el al (61) A unit is defined as the minimal 
amount of material w hich, given subcutaneously to 24 26-day old female 
rats in combmation with a standard amount of CG, augments the effect 
of the latter by 100 % The difficulties of this method are the presence 
of ICSH m FSH preparations wall render the test less sensitive and it 
gives no information regarding ICSH contammation It is therefore 
advisable to assay FSH preparations in hypophysectomized animals for 
quantitative data 

I» Hjipophiisectomtsed Rais (/) Female In hy^jophysectomized 
animals FSH causes the enlargement of the ov anan follicles w bile leaving 
the interstitial tissue in the deficient condition if, of course, the prepara 
tion IS not contaminated with the luteinizing factor In the a«say of FSH 
in these animals, either mcrease of ovanan weights or histological exami- 
nation for beginning follicular development may be taken for measure- 
ment of the hormone One rat unit represents the minimal total amount 
which, injected subcutaneously once daily over a period of three days 
into hypophysectomized rat (26-28 days old at operation, six- to eight- 



644 


CHOH HAO LT AM> HERBERT M EVA^S 


day postoperative interval before injection), causes the occurrence of 
healthy (nonatretic) follicles with small antra, as evidenced 72 hours 
after beginning the injection (61) For routine laboratory assa}, three 
animals per group can furnish a reliable ansver to hormonal potenc} 
The method is \ ery sensitive and has the further advantage that the 
presence of ICSH can be observed simultaneously if there is repair of 
the interstitial tissue 

iS) Male The follicle stimulating hormone is kno^m to stimulate 
the epithelium of the seminiferous tubules As shown by Greep el al 
(90,92), FSH causes an mcrement in testis weights proportional to the 
dose injected without any stimulation of the secondary sex organs in 
hypophysectonuzed male rats The animals employed were hypophy- 
sectomized at 21 days of age (35-47 g body weight), after two days 
postoperati\e injections began once daily for four days and the animals 
were autopsied on the day following the last injection If ICSH is a 
contaminant in the follicle stimulating preparation, the test becomes 
unreliable, for ICSH alone is able to increase the weight of the testes 
(209) 

Other methods have been used by investigators for the assay of FSH 
such as the increase of the uterine weights (115), the production of 
oestrous vaginal smears (234), etc 

2 Methods of Punficalton 

Sheep and swine pitiulanes are nch in folhcle-stimulating substance 
and they are therefore commonly used to obtain a potent FSH prepara 
tion The extraction of pituitary tissue (fresh or acetone-dned matenal) 
IS made either wnth saline or alcoholic solutions like those employed for 
the isolation of ICSH Chemically the folhcle-stimulating hormone is 
in one respect imique in that it is the only known antenor hvpophyseal 
hormone soluble m half saturated ammonium sulfate Highly purified 
FSH possesses a high carbohydrate content In addition, as has been 
discussed, the hormone is resistant to tryptic digestion when a commercial 
enzyme preparation is employed The follicle stimulating hormone has 
not been isolated in pure form There are methods which enable one to 
obtain a so-called “biologically pure” preparation, *e, a preparation 
free from other active contaminants Subjoined, we give a few methods 
which appear to be satisfactory m preparing potent folhcle-stimulating 
preparations 

a Procedure of FevoU el al (70) One kg of frozen sheep glands 
are finely ground and extracted with 2 I of dilute aqueous ammonium 
hydroxide at pH 8 0 The supernatant liquids are brought to 0 25 M 
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ammonium sulfate and to pH 5 4 After the removal of the precipitate 
formed by centrifugation, the supernatant is adjusted to pH 7 0 and 
fractionated mth ammomum sulfate The fraction soluble at 2 4 M 
but precipitated at 2 7 ammomum sulfate is the follicle stimulating 
substance As assayed by increase in the ovanan weights of immature 
female rats, the product obtamed contains 20 R U /mg No experi- 
mental data Mere guen b} Fevold et al as to possible contamination 
Mith other actue components 

In an earlier report (65), Fevold used 2% pyndine as the extractant 
The gonadotrophic substances are adsorbed by benzoic acid, the ICSH 
fraction is next removed by precipitation at pH 4 2 in 0 2 SAS the soluble 
material containing the FSH Inert substances m the FSH preparation 
are further remoxed b> basic lead acetate FSH preparations thus 
obtained hax e a potency of 50 and 75 R U /mg 

6 Procedure of Fraenkel Conrat el al (80) From the fraction 
soluble in 0 5 SAS as described m step 5 for the isolation of sheep ICSH 
(see page 637), the supernatants are brought to 0 07 saturation with 
ammonium sulfate The precipitate obtained between 0 5 and 0 67 SAS 
contains the folhcle-stimulating substance It can be further puriEed 
in the following wajs precipitation at pH 4 8 m 35% acetone, precipita 
tion m 48% alcohol m the presence of a few drops of saturated sodium 
chloride solution, and removal of contaminating proteins at pH 41m 
saturated sodium chlonde solution 

The product obtamed causes beginning ovanan follicular development 
at a total dose of 0 004 mg when injected subcutaneously m hypophy- 
sectomized rats Higher doses of the preparation (0 04 to 0 06 mg ) 
show indications of ICSH contamination, i c lutemization of the follicu- 
lar walls and repair of the interstitial tissue In addition, oestrous uten 
are cau’^ed by 0 016 mg of the hormone 

c Procedure of Greep et al (89) Creep, van Dyke, and Chow (89) 
have described a method for obtaming a so-called “biologically pure” 
follicle stimulating hormone from swine pituitary glands The method, 
which is based on the fact that FSH is soluble m a pH 4 4 acetate buffer 
contammg 20 5% sodium suBate wbereas ICSH is mso'lu'ble in this 
soKent, is outlined as follows 

(I) Fresh hog pituitaries are extracted with 2% sodium chloride at pH 4 2 The 
Bupematanl is saturated with aaunoaiiim sulfate The precipitate is dialyzed and 
the clear dialyzed solution is adjusted to pH 5 1 (S) The supernatant is brought 

to 50% saturation with ammonium sulfate at pH 4 2 The supernatant is further 
brought to 0 9 SAS (9) The precipitate is dialyzed until ealtfree One volume 
of 1 ilf acetate buffer of pH 4 41 and 2 volumes of 41% sodium sulfate are added 
The precipitate contains no FSH and u used for the isolation of ICSH (4) The 
supernatant is made to 40% ammonium sulfate by adding 40 g ammonium sulfate/ 
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,m?,r^n di^ily^ed nnt.1 fre« of salt Steps S and 4 are repeated 

until no turbidity is observed in step S ^ 

The final precipitate (92) does not cause enlargement of the ventral 
prostate or stimulation of the ovarian interstitial cells in hypophysec 
tomized rats ivhen injected at a total dose of 2 77 mg protein (assutamg 
the preparation contains 13% nitrogen), but 0 0164 mg produces an 
increase of 50 % in ovanan weights over those of untreated controls The 
preparation did not give utenne stimulation at the highest dose tested 
(a total dose of 1 92 mg m ten days) It is apparent that the FSH pre 
pared by Greep el al was free from ICSH contamination Unfortu 
e j ey not give data to show that the preparation contained no 
adrenoeorlieotrophio, thyrotrophic, lactogenic, or groivth activity so that 
Its biolopcal punty" cannot be regarded as established 

In a later eommunicalion, Chow (33) reported that ultracentrifugal 
ofthelrpdH^” indicated definitely the heterogeneity 

LuhTht*^®? preparation However, Creep el o( (89) stated earlier that 

mfthe o O' ‘>■0 ooW phase is fire times that saturat 

if the sol a" ‘he amount of protein N is observed 

It the solid phase is hundred times that necessary for saturation ' 

comloC WcSfiou oni Jleycr (103) As already mentioned 

trool^ro f P'''g‘'a‘'ens destroy only ICSH activily m gonado- 

MeShl foTirr f '0 apparently resistant to the enayme digestion 
"'O'O'OP a ■oethod to piTpare a 
be d^^ "T , '‘0 ahreulatmg substance Their method may 

be described in the followng steps 

troohi tuvT? "’’"‘’.‘’a'" » ertacted with w.t„ Th, con.do- 

me u dried with ekohdl P"“P' 

normal Whcular derclopment m 

The nlr * ‘“““are female rats m most cases 

Sides as I ™ ‘0 *’0 '"=0 aad thjrotrophic 

IS cir en It 'u m '"f “h-eha No phj sieoehemical purity 

of fnacle c ‘ha‘ ‘he preparation contains a high percentage 

lx aa Judged by rts abUity to mcmase tL ovarii 

acights of normal immature rats when compared mth the preparation 
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obtained by Traenkel-Conrat el ei. C80). The preparation has been 
sho^^ n to cause local reactions at the site of injection when used in human 
subjects but, in a later report (164), M^han and Meyer introduce a 
procedure to remove the toxic substance. 

TABLE IV 


Biological Potevct or PuHiniD FSH Prepaked bt DirrEREnr Laboratories 



Table IV summarises the biological potency of FSH fractions pre- 
pared by different laboratories. It is clear that the suine FSH prepared 
by Creep el al has a much lower follicle^tiroulating potency than sheep 
hormone as reported by Fevold and Fraenkel-Conrat el al., but the sheep 
FSH gives an ICSH reaction at very low* doses while the swine FSH is 
apparently free from ICSH action. Some investigators attribute these 
differences to species cbaracteiistics (82,164) while others (33) feel that 
they are due to contamination of sheep by ICSH. The final answ er 
to the problem must await the isolation of ISH in pure form. 
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3 Physteo^temtcolProperltes 

Gunn (93) reported that swine FSH obtained by the method of 
Creep, van Dyke, and Chow contains 4 6% mannose and 4 4% hexose- 
amine Evans et al (53) found that the potent FSH from sheep glands 
IS rich in carbohydrate and glucoseamine McShan and Meyer (162 163) 
stated that their FSH preparations contain about 20% glucose In ad* 
dition, FSH activity is destroyed by certain amylase preparations (45) 
It is probable that pure FSH is a glycoprotein It is of interest to note 
that all gonadotrophic hormones including those of nonpituitary origin 
seem to contain carbohydrate (93) 

The preparation as descnbed by Fraenkel-Conrat el al (80) contains 
13 1% nitrogen It is generally agreed that FSH proteins are ver> 
soluble m water, in the absence of electrolytes, they are soluble in 50% 
acetone 70% alcohol (80), and 50%dioxane (63) The follicle stimulat- 
ing potency is comparatively stable, m solutions of pH 7 to 8 the activity 
18 retained at 75®C for thirty minutes (163), but it is destroyed at 60®C 
for fifteen minutes in 50% alcoholic solution (63) Chow (33) has esti- 
mated the isoelectric point of his FSH preparation from swine glands to 
be about 4 8 

The effects of enzymes and of other chemical agents on the folhcle- 
-hmulating activity of pituitary extracts have already been discussed 
m this chapter 


n. Lactogenic Honnone (Prolactin) 

The first indication of the existence of a lactogenic substance in 
extracts of the anterior pituitary came from the experiments of Stneker 
and Grueter (216), who found that extracts initiate lactation in ovanec- 
tomized pseudopregnant rabbits TTie conclusion was later confirmed 
by Corner (44) and others (155,174,191) In 1932, Riddle eJ ol (192,193) 
discovered the stimulating action of the lactogenic pnnciple on the crop 
the pjgetai and suggested the jiajoe pxeiseiij} Two other names 
have been proposed galactm (86) and mammotropin (151) 

A Methods of Assay 

In estimating lactogenic potency two groups of methods have been 
employed one depends on the crop saC reaction in the pigeon and the 
other on the response of the mammary gland of the “conditioned’ rabbit 
or guinea pig The latter methods (86,152,154,173), are less quantita- 
1 are laborious, they will not be discussed here 
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1 Crop Sac Weight Method 

This IS the original method proposed by Riddle, Bates, and Dykshom 
(193) Thej found that the combined weights of the two excised crop 
sacs are proportional to the amount of lactogenic principle injected 
Pigeons (six to ten veeks after hatching) are injected intramuscularly 
once daily for four days and aulopsied about 96 hours after the first 
injection Under these conditions Riddle et al found that the crop 
weight IS a linear (unction of the loganthm of the dosage The pigeons 
used must ha\e approximately the same body weight because the crop 
sac weight depends on the size of the bird (197) If the crop weight is 
calculated m terms of a unit of body weight, t e , relative crop weight, a 
more consistent response-dosage relationship is obtained According to 
Folley el al (74) the accuracy of the weight method depends on three 
factors “(1) the standard dc\iation of a single observation, (2) the 
number of birds used in each group and (3) the slope of the dose-response 
curve ” 

Bates and Riddle (LO) have found a seasonal venation m the response 
of crop sacs, maximum response occurs in winter and summer It is 
therefore essential to keep a standard preparation at hand and always 
compare the potency of an unknown with that of the standard To 
obtain uniform results, the birds must be of the same strain and race 
Bates ei at (12) reported that the crop sac response changes with racial 
and strain differences Folley, Dyer, and Coward (74) investigated the 
effect of light and temperature on the crop sac response of pigeons, they 
found that light exerts no influence on the response and that a maximum 
response is achieved at an equable temperature m the region of 
The effectiveness of different routes of injections has been studied by 
Bates and Riddle (8) Subcutaneous injections are most effective, 
intrapentoneal ones least effective 

2 Minimum Stimulation Method 

In a footnote m their paper, Lyons and Catchpole (155) stated that 
“one need not depend upon a weight increase in the crop gland over and 
above the control to determine a positive reaction, since beginmng grow th 
changes may be seen m crops that weigh less than the average normal, as 
early as 48 hours after the injection of potent hormone ’’ They suggest 
a qualitative test for lactogenic activity by merely holdmg the crop gland 
to the light to examine beginning recognizable stimulation MeShan 
and Turner (165) proposed a quantitative assay method based on the 
suggestions of Lyons and Catchpole and defined a pigeon unit as "the 
total amount of hormone injected durmg a period of 4 days which cause a 
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minimal but definite proliferation of the crop glands of 50 ± 11 per cent 
in common pigeons eighmg 300 ± 40 gm ” In our laboratory, n e have 
employed this method routinely to estimate lactogenic potency and have 
found that, even using only three birds per group, satisfactory results can 
be obtained Silver lOng pigeons, four to five n eeks from batching and 
weighing 400 to 550 g , are injected subcutaneously once daily for four 
days with 0 5 ml of the hormonal solution, 24 hours after the last injec- 
tion, the crop is dissected and examined against the light for a positive 
leaction If Wo out of three birds give a positive response, the amount 
of hormone used is considered to be one unit 

3 Local Intradermal Method or Micro Method 

For the estimation of a minute quantitj of lactogenic hormone, eg , 
that m urine, Lyons and Page (150) introduced a highly sensitive test by 
mtracutaneous injection m the neck skin directly over the pigeon’s crop 
sac According to Lyons (152), the hormone solution (0 1 ml ) is injected 
mtradcrmally within the skin covering the crop sacs, daily for four days 
with a 27 gage hypodermic needle The birds are sacrificed on the 
fifth day, the sacs are dissected off and held slightly stretched against 
the light when a positive response can be seen with the naked eye The 
injections ate generally earned out over one crop sac and the sac on the 
opposite side may serve as a control or be injected with a different dose 
level The volume of injection fluid has some influence on the sensi- 
tivity of the method (9) It is therefore essential for quantitative results 
to utihze a constant volume It has been shown that the method will 
detect 1/10 000 of a unit obtained from the minimum stimulation test 
McQueen WlUiams (159) and others (185,186) have applied this method 
to detect the presence of lactogenic hormone in a single rat pituitary 
implanted directly over the crop sac 

In 1938 arrangements were made for the establishment of an inter 
national unit (I U ) of the lactogenie hormone dunng the Conference on 
the Standardization of Hormones (25) In the following year the inter- 
national standard preparation of the hormone was issued, the inter- 
national unit IS defined as “the specific activity contained m 0 10 mg 
of the standard preparation” (26) It is therefore possible to state the 
potency of any lactogenic preparation m terms of the international unit 
Lyons (1 54) has made careful studies on the potency of the mtemational 
standard matenal and foimd that it is about one half as potent as the 
pure lactogenic hormone in the guinea pig assay and about one third as 
potent by the crop weight response method 



xrv cHE5nsTR\ or anterior pituitary hormones G5l 
B Methods op Isolation 

The content of lactogenic hormone m pitmtarj glands of different 
species has been reported by a number of investigators Bates and 
Riddle (7) have found that ox and sheep glands contain much higher 
concentrations of the hormone than do glands obtained from swine A 
later report bj Chance ci a! (29) showed that the hormone content^ is 
progre‘!'5ively smaller m the following order sheep, ox man, swine, and 
horse The content in horse glands amounts to onlj 4% of the amount 
found m sheep or o\ Tlicrefore the starting matcnal for the isolation 
of the lactogemc hormone is usuallj either ox or sheep glands 

The solvents which have been used b> different investigators for the 
extraction of the lactogemc substance from pituitary tissue, are aqueous 
acid solutions of pH 2 (V9l), aqueous alkali solutions of pH 9 (86 192,193), 
66% acetone in acid at pH 2 (155), 69-70% alcohol at pH O-'IO (7), and 
aqueous saline solution (22) Bergman and Turner (10) have made 
a comparison of these methods of extraction and conclude that the method 
of Bates and Riddle (7) is superior both for total incld and potency /mg 
extracted substance But the acid-acctonc extraction of Lyons (152,153) 
has constituted the initial step m the isolation of the hormone in pure 
form A prune advantage of Ljon’s extract is that it contains mamly 
onl} the lactogenic and adrcnocorticotrophic hormones the other hor* 
mones being either not extractable xnth the solvent or destrojed by the 
acidic acetone 

A highly purified and potent lactogemc hormone preparation was first 
described by L>ons (152,153) in 1937 In the same jear, White et of 
(233) announced the preparation of a crystalline protein possessing crop 
stimulatmg activity, in the prehminarj note, there was, however, no 
data concermng the biological ond chemical purity of the crystallme 
preparation It was not until 1942 that W^te, Bonsnes, and Long 
(232) published a satisfactory identification of the crystallme protein 
•with the hormone In the meantime (1940-1941) Li, L>ons, and E'vans 
th-ul tbSK hraxrwwA pcepasal-uia 

behaved like a pure protein as judged by electrophoretic and solubility 
studies 

The original method of L>ons (1^) for the isolation of lactogenic 
hormone m pure form as sbghtly modified by Li el al (129,130,132,133) 
may be described m the following steps 

’ For the content of lactogenic hormone in pituitaries of ox, mice, rats guinea pigs 
rabbits, and cats, see Reece and Twroer (IR7) 
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(1) One kg of ground sheep pitmtanes 13 extracted with 4 1 acetone to which has 
been added 100 ml 12 M hjdrochlonc acid The extracted material is next precipi 
tated out by the addition of 5 1 acetone (i) Dissolve the precipitate in 200 ml 60% 
acetone and reprecipitate by adding 800 ml acetone The precipitate formed is 
dissolved in 300 ml of approximately 10% aqueous ammonium hydroxide (5) The 
solution IS allowed to stand at room temperature for three hours Two volumes of 
acetone are added and if a precipitate forms this u removed by centrifugation (i) 
The supernatant is mixed with one volume of acetone and ID ml 12 hydrochloric 
acid The precipitate is dissolved m 200 ml water with the aid of 1 M sodium hydrox 
ide to obtain a clear solution (5) The solution is adjusted to pH 6 5 with 1 M hydro- 
chloric acid and the precipitate removed by centrifugation (S) The supernatant is 
brought to pH S 5 and kept at — I5“C for a few hours After thawing the solution 
IS centrifuged (7) The precipitate is dissolved in slightly alkaline solution and steps 
6 and 6 are repeated until the final pH 5 5 precipitate behaves as a single substance in 
electrophoretic experiments 

The hormone thus isolated contains about 30 I U /mg as assayed by 
the minimum stimulation method m pigeons The preparation is free 
from other active components Electrophoretic studies (129,130,132) 
in buffers of pH from 2 to 8 show that the preparation migrates m the 
electrical field as a single protein Evidence for the punty of the prepara 
tion IS also furnished by solubility experiments in three different solvents 

The pure hormone can also be obtained by an alternate method as 
described by Li, Simpson, and Evans (141) or by the method of White 
eial (232) 

C Physicochemical Properties 
1 Isoelectric Point 

From the pH at which the hormone becomes least soluble, it has been 
speculated that prolactin must possess an isoelectnc point at approxi 
mately pH 5 5 The exact isoelectnc point of the hormone as estimated 
by the moving boundary method in electrophoresis (129) is found to be 
pH 5 73 in buffer solutions of ionic strength 0 055 WTiite el al (230 232) 
reported a value of pH 5 65 using the micro electrophoresis technique of 
Abramson (2) in buffers of ionic strength 0 10 The small difference 
between these two values is most probably due to the different ionic 
strengths employed and they should be considered to be in satisfactorj 
agreement 

2 Molecular Weight 

The report of Lyons and Page (156) and others (49,99,113) on the 
detection of prolactin m unne would lead one to expect that the molec 
ular weight of the hormone is comparatively low The first molecular 
weight data were obtained from osmotic pressure measurements (132) 
and indicated that the hormone has mdeed a low molecular weight, i e , 
26 500 From analytical data, the molecular weight may also be esti- 



\V> CHEMISTRY OF ANTtRIOR riTLITAR\ HOHMONLS 


653 


mated to be about 25,000 Diffusion and viscosity data suggest a \alue 
of 22,000 («iee below ) 

The sedimentation constant of prolactin as determined in the analy- 
tical air-drt\en ultracentnfuge has been reported by ^Vhite, Bon«!nes, and 
I ong (232) to be 2 8 X 10~** cm /sec /dyne Preliminary data on the 
sedimentation and diffusion constants as secured m the laboratorj of 
I W ^Vllllams were also reported by them to be 5jo = 2 65 X 10~‘*, 
Dm = 7 5 X 1Q~^, from these values, a molecular weight of 32,000 for 
prolactin was computed Since no complete data were given the value 
32,000 can onlj be as'^umed tentatuely as the molecular weight of pro- 
lactm when determined bj ultracentnfuge At any rate the difference 
in there two values (26,500 and 32000) is hardly surprising for many 
experiments (179) haie shown that molecular weight determinations as 
obtained by osmotic pressure or bj ultracentrifugation methods need not 
be m close agreement The comment made by White (230) that the 
\alue 20,500 is “considerably too low ” would appear to be gratuitous 

3 Diffusion and Vtscestly 

Hie Mscosity of prolactin solutions (117) has been determined in an 
Ostwald viscometer A straight line relationship exists between the 
MSCosity and the protein concentration up to 1 0% solution From the 
'dope of such a straight line, the hormone molecule is demonstrably far 
from sphencal If one assumes that it is a prolate ellipsoid the ratio of 
the long to the short axis as computed from Siraba’s equation (206) is 
5 7 The shape of a protein molecule may also be expressed by the 
frictional constant, ///o, which can be computed b} Pemn’s equation 
(181) \f one knows the ratio of the long to the short axis of a prolate 
ellipsoid of revolution Thus, ///o for prolactin is calculated to be 1 29 

(117) 

The membrane diffusion method of Northrop and Anson (178) was 
emplojed to determine the diffusion coefficient of the hormone (108) 
After making the correction as suggested by Mehl (170), Dm — 9 0 
X 10~^ cm Vsec From a combination of this constant with the fnc 
tional ratio, the molecular weight of prolactin may be estimated to be 
22,000, which is m fair agreement with that obtained by osmotic pressure 
measurements 

4 Oplical Kolaiton and Pafiial Specijic Volume 

The optical rotation of prolactin solutions is found to be a Imear 
function of the concentration (117) From the observed rotation of 
10% solution at 25'’C , the specific rotation of the lactogenic hormone is 
—40 5* The partial specific volume of the hormone is calculated by 
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determining the density of the solution contammg different veight frac- 
tions of the protein and found to be 0 721 This value is as expected 
for ordinary proteins 

5 Sduhthty 

Lactogenic hormone has some mterestmg solubility characteristics 
The pure hormone is soluble in absolute methyl or ethjl alcohol m the 
presence of a small amount of acid (71,121) It is extremely msoluhle 
m vater nhen no electrolytes are present The hormone isolated from 
ox glands has a solubility of 0 102 g /I at (133) In aqueous acid 

solution, pTolactm is easily salted out in a low concentration of sodium 
chloride 

TABLE V 

Phtsicqcheuical pROPERftES OP Lactooemc Horuone 


Molecular Weight 

Osmotic pressure 26 500 

Analytical data 25,000 

Difiusiou and Visco5it> 22 000 

Diffusion constant {Dtti 9 0 X 10 ’ 

Partial specific volume (F|) 0 721 

Viscosity coefficient 6 65 

Dissymmetric constant (f//») 1 29 

Isoelectric point pH 5 73 

Specific rotation -40 5* 

Solubility in water at 7 S*C , g /I 0 102 


Table V summarizes the physicochemical properties of the lactogenic 
hormone 

D Differences in Ox and Sheep Hormones 

The hormone isolated from either ox or sheep pitmtanes sho^^s no 
difference m crop-sac stimulating potency Bischoff and Lyons (19) 
were unable to differentiate the ox and sheep hormone through the use of 
precipitm, anaphylaxis, or the Dale and Arthus reactions It n as further 
found that the ox and sheep hormones can not be distinguished m efce- 
trophoretic experiments, they apparently migrate mth the same mobility 
m buffers from pH 2 to 9 and have identical isoelectric points (129) The 
two hormones have the same stereochemical structure as judged bj their 
optical rotation properties (117), there are also no differences in molec- 
ular weight and the content of tryptophan, arginine, cystine, and 
methionine (118 132) However, the hormone isolated from ox as 
contrasted with that isolated from sheep pituitary tissue can be differ- 
entiated by the followmg two methods 
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1 Soluhtltty Method 

The solubility method has been shoim to be a sensitive test for 
distinguishing species specificity of proteins (112) Using this method, 
Li et at (134,135) found that ox and sheep lactogenic hormone are not 
identical proteins For instance, m 0 357 M sodium chloride solution at 
pH 2 25, the sheep hormone has a solubility of 0 506 g /I of the solvent 
at 25®C , whereas the solubility of the ox preparation is only 0 316 g In 
citrate buffer (1 M, pH 6 36), the ox hormone is more soluble than the 
sheep It IS further shov.n that xvhen sheep hormone is added to a 
saturated solution of the ox hormone, more protein is dissolved mdicatmg 
that the tv,o substances are not the same 

The hormones isolated from these tno species can also be demon- 
strated to be different entities by their behavior nben salted out with 
sodium chloride Cohn (38) has shomi that the solubihtj of a protem 
IS defined by an equation of the form log 5 * ^ — h.,n, n here is the 
lomc strcngth/1000 g water 5 the solubility in g /I , and K, and 0 con- 
stants It has been shown (133) that the hormone fiom ox or sheep 
glands has an almost identical K, but different i alucs for 0 are obtained 
when the salting out studies are made with sodium chloride m 0 01 Af 
hydrochloric acid solution This means that in 0 01 M b} drochlonc acid 
sheep hormone is more soluble than is the ox protem ond that they are 
different proteins 

In alcoholic solution, ox hormone is more soluble than the sheep (71) 

2 Tyrosine Method 

We have obsen cd that the tyrosine content of ox lactogenic hormone 

15 consistently higher than that of sheep, ox protem has 5 73% tyrosine, 
whereas sheep contams 4 53% (131,132) It is not likelj that the differ 
ence in the solubility behavior of these two proteins can be completely 
explained by their tyrosine content and further determinations of other 
ammo acids will be necessary to explain this phenomenon 

E Anai»yticaii Data 
1 Elementary Composition 

The elementary analysis (121) of a pure lactogenic hormone prepara- 
tion yields the folloiving results C, 50 72%, H, 663%, N, 15 86%, S, 
179%, P, ml Earlier investigators (51,160) had already found no 
phosphorus m punfied lactogenic preparations The nitrogen content 
of the hormone was reported by White el cd as 14 38%, 16 49%, and 

16 84% (232,233) 
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2 Dtstnbutton of Sulfur 

The hormone has no cysteine or sulfhydryl groups as shomi by the 
mtroprusside, phosphotungstate, or todine test (75,134), e\en when 
the protein is dissolved in denaturing agents, these tests are negative 
The presence of cystine in highly punfied prolactin has been reported by 
Riddle and Bates (190) Fiaenkel Conrat (75) employed bothSuIUvan 
(217) and phosphotungstate (72) methods for the quantitative determina- 
tion of cystine and found that the pure hormone contains 3 0% cystine 
White, Bonsnes, and Long (232) reported a value of 3 36% as determined 
by the method of Sullivan and Hess (218) The cystine content is also 
showTitobeS 11% (118) in hydnodic acid hydrolysates by the Baemstein 
procedure (6a) Since both the methods of preparing the hormone and 
the methods of analysis for cystine were not the same, the cystme values 
which have been reported should be regarded as m satisfactory agreement 
Two methods have been used for the determination of methionine m 
lactogenic hormone one is a colorimetric (157) and the other a titration 
method (6a) The methods give results which are m agreement and the 
methionine content of the hormone may be assumed to be 4 31% (118) 
If we take 4 31 and 3 11% as the methionine and cystme contents, 
respectively, the total sulfur in prolactin can be computed to be 1 76% 
It may be recalled that the sulfur content* uas estimated as 1 79% ivhen 
determined by the Canus method (132) Thus, the total sulfur in the 
lactogenic hormone is accounted for witbm the hmits of error 

3 Tyrostne and Tryptophan Content 
As already mentioned, the lactogemc hormone isolated from ox glands 
has a higher tyrosine content (5 73%) than that from sheep glands 
(4 53%o) The method used by Li et al (131) to obtain these values is 
the method of Lugg (150) White et al (232) reported a value of 5 51 % 
for their ox preparation using the micro method of Folin and hlarenzi 
(73) It may be mentioned that the presence of tyrosine in punfied 
lactogenic preparations had been indicated by the experiments of earlier 
investigators (160 190) 

The tryptophan content of lactogenic hormone seems to vary with 
the method of analysis used, the method of Lugg gives a value of 1 3% 
(133), on the other hand, a higher value (2 5%) is obtained by the glyoxjlic 
acid procedure Recently we employed the p-dimethylammobenzalde- 
hyde reagent (319) and found that the tryptophan content of prolactin 
13 3 1% (121) By the method of Fohn and Marenzi (73), White and 
• A recent analysis of the sulfur content m lactogenic hormone was kindly per 
formed by Dr T S Ms University of Chicago, and found again to be 1 711% 
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co-Morkers (232) reported 1 3% tryptophan m their prolactin prepara- 
tion It IS difficult to decide which of these values should be considered 
to repre'*ent the correct tryptophan content for lactogenic hormone 
We hope that future experiments \nth microbiological or isotope dilution 
methods may furnish the answer For the present, we may assume that 
prolactin contams 13% tryptophan 

4 Other Data 

The argimne and glutamic acid content of lactogenic hormone are 
showm to be 8 31% and 12 3%, respectively (116 132) The total basic 
and acid groups in the prolactin molecule have been determined bj the 
dje technique and the hormone was found to contain 12 7 and 115 
groups respectivelj, per 10,000 g protein (126) prolactin has 14% 
amid nitrogen (121) and 0 74% ammo nitrogen (121) 

A summari of the analytical data is presented m Table VI 


TABLE M 

Analttical Data* ov Lactooenic Hormone 


c 

50 72 

Cystine 

3 II 

11 

1 6 03 

Methionine 

4 31 

N 

15 S6 

Tyrosme 


8 

J 70 

Ch 

5 73 

1’ 

' 0 00 

Sheep 

4 S3 

Ammo N 

0 74 

Tryptophan 

1 30 

Amide N 

1 40 

Arginine 

8 31 

Cysteine 

0 00 

Glutamic acid 

12 30 



Groups/lO 000 g protein 




Acid 

11 5 



Bose 

12 7 


• Figures in per cent except where otherwise indicated 


F Reactions vvmi Specific Reagents 
1 Jodtne 

In phosphate buffer of pH 7 0 iodine reacts only w ith the trj o'^me 
groups in the prolactin molecule to form duodotryrosme groups (134) 
This was established by the analysis of the iodine content of the lodinated 
hormone as compared with that calculated from the remaining free 
tyrosme IVhen the hormone is completely saturated with iodine, the 
amount of iodine entering the protein is equal to that computed from the 
tyrosme content It is further shown that the isoelectric point of lodin 
ated hormone has shifted from pH 573 to pH 47 This change corre 
spends to expectation, because Dalton rt of (45) have shown that the pK 
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for phenolic groups in tyrosine is changed from 10.28 to 6.48 by iodma- 
tion. In urea buffer solutions, the Idnetic data suggest that there may 
be two types of tyrosine groups in the lactogenic hormone, one reacting 
with iodine at the same rate as pure t3Tosine and the other more slowly. 

When the iodinated hormone preparations are assayed in pigeons, a 
complete loss of crop sac stimulation is observed, indicating the essen- 
tiality of tyrosine groups for the hormonal action (135). In this respect, 
lactogenic hormone resembles pepsin and insulin ; both of these substances 
(95,96) are inactivated by iodine and iodine reacts only with the tjTosine 
component of these two proteins. 

2. Reducing A gents 

The reactions of cysteine and thioglycolic acid with lactogenic hor- 
mone have been studied in some detail by Fraenkel-Conrat et al. (S3). 
When the lactogenic hormone In solution is above 0.02%, treatment with 
a foityfold amount of cysteine causes the formation of a precipitate and 
loss of biological activity. If the conditions of treatment are chosen so 
that they do not lead to precipitate formation, for example, the employ- 
ment of a more dilute solution or a 6 to 8 )!/ urea solution, no inactivation 
occurs. Even if the precipitate is formed, the lactogenic potency can be 
recovered by dissolving the precipitate under conditions wUch prevent 
autoxidation. When the amount of cysteine used is 200 times that of the 
hormone, a total inactivation is observed. Thioglycolic acid is more 
effective than cysteine in destroying lactogenic activity but the condi- 
tions necessary for the precipitation of the hormone are similar. 

FraenkebConrat investigated further the nature of the reducing 
groups in the hormone before and after treatment with thiol compounds 
(75). He stated that “treatment of lactogenic hormone vdth thiol com- 
pounds causes (a) the reduction of disul&de bonds to cysteine thiol groups, 
(b) the appearance of groups of unknown nature which reduce phospho- 
tungstate and fenicyanide in neutral soluUon, and (c) the probable for- 
mation of stable addition compounds between the protein and the thiol 
compound.” It is therefore difficult to expl^ the loss of lactogenic 
potency after treatment with cysteine or thioglycolic acid in terms of the 
interaction of specific groups in the protein with these reducing agents. 
Both the complexity of these reactions and the interesting behavior of 
the hormone with these particular reducing agents call for further 
investigations. 

3. Ketene 

Ketene has been known for some time as one of the most specific 
reagents for acetylation of the amino or phenolic groups in proteins. 



XIV CHEMISTRY OP ANTCRIOR PITUITARY HORMONES C59 

It has become customary to assume that ketene reacts i\nth the ammo 
groups at a faster rate than with the phenolic hydroxyls Such an 
assumption has been applied m an earher preliminary report on the 
kctenization of lactogenic hormone (136) and the authors concluded that 
the amino group is essential for crop-sac-stimulating activitj We have 
recently reinvestigated the reactions of ketene with the lactogenic hor- 
mone (127) in more detail, with results which appear to be confirmatory 
of the prevnous conclusion 

In phosphate buffer of pH 7 0, ketene reacts with the phenohe groups 
of the tyrosme residues in the hormone molecule more rapidly than with 
the ammo groups If the reactions are earned out m acetate buffer of 
pH 4 0, the rates of acetj lation of the ammo and phenohe groups are 
identical ^\Tien one compares assay results mth the degree of acetyla 
tion of these two groups, it would appear that the decrease in crop- 
stimulatmg potency is due to coverage of the ammo groups The 
authors ha^e subjected an acetj lated product to electrophoretic exami- 
nation and found that it is quite homogeneous with respect to its electro- 
chemical properties They further noted that the acetylated hormone 
migrates more slowly (7 G X 10 * cm */v sec ) than the untreated protein 
(SIX lO'* cm Vv see ) in pH 2 2 buffer of 0 10 ionic strength 

The emplojmeot of other reagents, such as phenyl isocyanate (23) 
and nitrous acid (128), has also demonstrated the essentiality of the 
ammo group for the specific biological effects of the hormone 

4 Methyl Alcohol 

When lactogenic hormone is allowed to react with methyl alcohol m 
the presence of 0 025 to 0 1 ilf hjdrochlonc acid, the crop-sac stimulating 
action decreases progressively as the roetboxjl content of the protein 
increases (12G) It has recently been demonstrated (78) that groups m 
protein other than the carboxyl are not involved in the reaction with 
methjl alcohol and that the number of methoxyl groups that can be 
rntjoduml mio lactojenic hormone is slightly less than the number of 
carboxyl groups present Thus it would seem that the loss of lactogenic 
activity IS due to the esterification of carboxyl radicals m the hormone 
molecule 

The electrophoretic behavnor of the estenfied lactogenic hormone has 
also been investigated by Li and Fraenkel Conrat They found that 
the hormone derivative compares favorably m homogeneity with the 
untreated hormone and that the protein becomes more basic after 
esterification 

There are thus far no indications of the existence of a prosthetic group 
or groups in the lactogenic hormone, the above di'soussions suggest 
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rather that the structural make up of the whole molecule is necessary for 
its physiological role At any rote modifications of the molecular struc- 
ture hitherto studied tend to destroy the specific function of the hormone 

G Effect of Various Agents 
1 Heat 

Lactogenic hormone solutions (1 % at pH 7 6) are said to be capable 
of sterilization at 100°C for twenty mmutes ivithout loss of potency 
(154) In the absence of salt, the hormone shows little loss of potency 
after boihng for one hour at pH 8 0 or at 60®C for five hours, if salts are 
present, complete destruction may occur (190) At boiling water tem- 
perature, 0 04% hormone solutions of pH 1 to 9 are quite stable for 15 
minutes treatment, at pH 11 and 13, a loss of lactogenic potency is 
observed When solutions of the same concentration at pH 1 to 13 are 
kept m a boihng water bath for thirty mmutes, there is a great loss of 
biological activity (234) We have investigated the heat stability of the 
hormone further by maintainmg 0 2% prolactin solution of pH 2 5 or 
pH 10 5 in 0 1% sodium chloride at 60®C for sixty minutes and found 
that no loss of activity is observed at the lower pH but a definite destruc- 
tion occurs at pH 10 5 (121) From these results, it appears that the 
lactogenic hormone is more stable toward heat in acid than m alkaline 
solution 

2 Ewymet 

Lactogenic hormone activity is destroyed by pepsin and trypsin 
(11 160) White, Bonsnes and Long (232) confirmed these early results 
and found that “destruction of the biological activity of prolactin by 
pepsm takes place relatively early in the proteolytic process, in any case 
before decomposition into compounds that are not precipitated by the 
trichloroacetic acid ” 

3 Denaturing Agents 

In the presence of 3 0 ilf urea, the relative viscosity of prolactm solu- 
tion IS greatly increased When the urea has been removed bj dialjsis, 
the original relative viscosity of the hormone returns (119) Thus, it is 
clear that a change of the hormone molecule occurs in urea solution and 
that this change is reversible as judged by viscosity measurements It 
may be recalled that the hormone activity is not reduced by urea if the 
denaturing agent is removed by dialysis before bioassays (132) It has 
furthermore been shoim that the molecular weight of lactogenic hormone 
is not changed m urea solutions (132) 

The effect of a detergent of the sodium alkyl aryl sulfonate tjpe 
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(Nacconol) on the hormone has al'^o been ime«tigated (119) As is the 
case mth urea, the relatue \iscosity of the hormone increases as the 
detergent concentration increases When these solutions nere assajed 
in pigeons mthout the remo\al of the denaturing agent the lactogenic 
activity nas diminished The lo«s of hormonal action maj be due to the 
change m the molecular shape of the protein or to a hormone detergent 
complex formation A demonstration of the reversibility of the deter 
gent-protein combination and biological a«say after remo\al of the 
detergent would be of great interest but this has not thus far been 
effected 


in Thytotrophic Hormone 

Although the interrelationship between thjToid and pituitary in 
raamroals had been known for many years it was due to the work of 
Smith that the existence of a thjrotrophic substance in the pituitary 
became evident Bj the technique of pitxutary implants Smith (212, 
214) restored the atrophic thyroid of hypophjsectomized rats Similar 
results were obtained bj Hous«a> d al OOO) in the dog The first 
attempts to concentrate the th> rotrophic principle from pituitary extracts 
were carried out by Loeb and Bas«ett (145) and by Janssen and Loeser 
(102) The hormone has not jet been isolated m pure form, though 
highly purified preparations have been reported (36 84,231) 

A Methoos of Assay 

The weight and histological development of the thyroid in guinea 
pigs, rats, and chicks have been emploicd as the index for the thyroid- 
stimulating potency of pituitary extracts 

1 Guinea Pigs 

The guinea pig was first introduced by hoch and Bassett (145) and 
later wdely employed by other in\estigator* Junkmann and Schoeller 
(106) and others (5 98,109) utiliecd the histological changes in a yoimg 
guinea pig’s thyroid for the quantitatiie as'ay of the thyrotrophic hor 
mone Others (29,198) preferred the change in thjToid weight as an 
indication of the extent of thyrotrophic action It is generally agreed 
that histological signs of thyroid stimulation are more reliable than the 
changes in weight Furthermore, histological changes require smaller 
amounts of the hormone and occur more speedily Recently De Robertis 
and Del Conte (46) proposed a cytological technique which gives evidence 
of thyroid stimulation within thirty minutes after the administration of 
the hormone to young guinea pigs 
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2 Chides 

The test of thyrotrophic activity m chicks was first suggested by 
Smelser (210 211), it is based on the thyroid weight increase of one day 
old chicks The method has been generally accepted as more sensitive 
than that in guinea pigs (17,43 84,107) The strain of chicks is impor- 
tant Bates el al (13) observed that “chicks from the one source require 
4 times as much thj rotropin to produce an equal amount of stimulation, 
as this is measured by an increase of thyroid weight, as do chicks from 
the other source ’ In Long s laboratory at Yale (36) similar difficulties 
were found in the use of the chick’s thyroid weight as a measure of 
thyrotrophic potency However, Jorgensen and Wade (105) and 
Ciereszko (36) noted that histological changes in the chick's thyroid give 
more reliable and consistent results tVhite Leghorn chicks three days 
old were injected subcutaneously daily for five days, on the sixth day the 
chicks were killed and autopsied The thyroids were fixed for histological 
examination (36) 

3 Rais 

The method suggested by Anderson and Collip (3) is not generally 
employed this depends upon the effect of the hormone on the meta 
bohe rate of hypophysectomized rats In this laboratory, we have 
employed the histological changes in the thyroid of hypophysectomized 
immature female rats as an indication of the degree of thyroid stimula 
tion The technique is highly sensitive and reliable in detecting minute 
amounts of thjrotrophic contamination in other pituitarv hormone 
preparations The method was also employed by Chow, Creep, and 
van Dyke (34) 

13 Methods of Purification 

The thyrotrophic potency of pituitaries of different species has been 
investigated bj a number of workers McQueen Wilbams (158) found 
that the rat pituitary contains 7-9 times as much, as that of the ox, while 
ox gland has greater thyrotrophic concentration than that of the guinea 
pig (50) Row lands (196) showed that the content of the pituitary m 
this hormone decreases m the following order swine, dog, ox, horse and 
sheep The fact that ox pitmtanes contain more thyrotrophic hormone 
than do sheep glands is confirmed by Jorgensen and Wade (105) It 
appears therefore that the best source of the hormone is constituted by 
swine and ox pituitaries 

Both acid (84 106 111) and alk alinft (3 70,146,198) extracts of pitui- 
tary tissue have been used for the preparetion of thyrotrophic substance , 
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saline extraction <22,102) is also applicable The starting matenal may 
be either acetone desiccated or fresh pituitary glands To concentrate 
the thyrotrophic hormone from these extracts many fractionation tech- 
niques ha^e been tried, such as alcohol or acetone (84,106), salt (70,84), 
or protein precipitants (17,36,105,111,146) It is of great interest to 
note that the thjTotrophic pnneiple is soluble m the presence of some 
protein precipitating agents, namcl}, tnchloroacetic acid, sulfosahcjlic 
acid, lead acetate, etc This mdicates that the hormone may possess a 
rather low molecular n eight and nould harmoniie with the fact that 
ultracentnfugation does not concentrate the hormone (114,201) 

Adsorption methods have also been emplojed in an effort to purify 
the thyrotrophic hormone Jorgensen and Wade (105) di^coiered that 
the hormone is «electnelj adsorbed by permutit at pH 4 5 and subse- 
quentlj concentrated bj precipitation with uranium acetate Repetition 
of these procedures docs not appreciablv further concentrate the hormone 
In the following two methods one based on the differential prccipita 
lion bj a protein precipitant and the other on «alt fractionation are 
bneflj de«cnbcd 


1 Yale Procedure {$6) 

(a) Frozen whole ox pituitary gtaads were ground and extracted with 2% sodiiun 
chlondeeolutJOSfltpB 7 4to7 S- After centnlugauoo the ruperostastR’ss adjusted 
to pll 4 0 to 4 I (t) The supernsUnt (pll 4 0 to 4 1) « es mu^ with an equal % olutoe 
of acetone The precipitate formed was removed end more acetone was added up to 
76*e The 60-76'^ acetone-insoluble material was then dried by triturating with 
acetone (c) The acetone-dned precipitate was next extracted with distilled water 
The combined extracts were made to pH 9 0 and centrifuged The supernatant w as 
adjusted to pH 7 0 and 5% lead acetate was added until precipitation was complete 
(d) 20*0 tnchloroacclic acid was added to the lead acetate supernatant untd the 
concentration became S'j (e) The tnchloroacetic acid soluble fraction was diabzed 
and concentrated by pervaporatioo After Ijopfadizalion the dried white solid is the 
puriRed thyrotrophic hormone From 1kg of whole ox pituitanes about 400 to 500 
mg of the preparation can be obtained 

A total dose of 0 001 mg of the purified material causes histological 
changes m chick thyroids when injected oxer apenod of fi\e days The 
preparation is found free from growth, lactogenic, and gonadotrophic 
hormone Data on possible adrenocorticotrophic contamination have 
not been reported Ciere^zko (36) stated that “prelimmary electro- 
phoretic examination of the product, as well as ultracentnfuge studies, 
suggests that it contains but one protein component ” In an earlier 
report, White (231) show ed that his preparation of thyrotrophic hormone 
(apparently the same one reported by Cieressko) behaved like a single 
substance in one buffer solution It is, of course, desirable to study 
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electrochemical homogeneity in a protein m more than one buffer and at 
different pH values Neither White nor Ciereszko has as yet reported 
the solubility behaMor of their thyrotrophic product 

2 Colt/omio Procedure (8^) 

(a) Acetone desiccated ox anterior pituilanes were extracted with 0 25% acetic 
acid-1% sodium chloride solution The supernatant was precipitated with an equal 
volume of acetone The precipitate formed was extracted with \% sodium chloride 
solution (b) The saline extract was brought to 0 3 saturation with ammonium sul 
fate After removal of the precipitate the concentration of ammonium sulfate in 
the supernatant v, as increased to 0 6 saturation The 0 6 SAS precipitate was dis 
solved m water and again brought to 0 3 saturation with ammonium sulfate The 
supernatant was finally brought to 0 5 SAS (c) The 0 5 S AS precipitate n as dis- 
solved in nater and dialyzed Acetone was next added to the dialyzed solution to 
39% The precipitate formed was centrifuged off and the supernatant was poured 
into eight to ten times Us volume of cold acetone The precipitate m the purified 
thyrotrophic hormone 

The yield froni \ kg of acetonc-desiccated ox piluitanea is about 2 6 g 
protein a total dose of 0 012 to 0 026 mg con cause a 33% increase in 
the thyroid veights of baby chicks over those of controls in six dajs 
The preparation has been carefully tested for contamination inth other 
pituitary honnoaes it contains 0 025% lactogemc hormone, less than 
3% adrenocorticotrophic hormone, about 1% growth hormone, 04% 
follicle stimulating hormone and about 10% interstitial cell stimulating 
hormone 

It 18 difficult to compare the thyrotrophic potencies of the products 
punfied by the two groups of investigators, for different methods of assa> 
were employed If the thyroid weight and histology in the chick are of 
identical sensitivity as shown by Fraenkel Conrat et al (84), the Yale 
product w ould appear to be ten times as actu e as the California substance 

C Physicochemical Properties 
The nitrogen content in punfied thyrotrophic preparations has been 
reported to be 12 37% (233), 12 6% (36), and 13 0% (84) It contains 
3 5% hexose and 2 5% glucoseamine (84) White (233) showed that the 
punfied hormone has 1 0% sulfur, while Ciereszko (36) gave a value of 
1 2% No phosphorus was found m the preparations (36,231) 

The hormone is highly soluble in water (36 84,231) It is not precipi- 
tated by sulfosabeylic acid (36,231) but is precipitated by pbospbo- 
tungstic acid, picnc acid uranium acetate, and mercuric chloride 

White (231) reported the sedimentation constant of his preparation 
to be 1 0 Svedberg unit, the molecular weight was estimated to be 
approximately 10 000 
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Fraenkel Conrat et a! (84) found that the thyrotrophic activity vas 
destroj ed by cysteine and ketene treatment 

Usmssinnepituitarycxtract Cho\reta2 (34) have studied the effects 
of various proteolytic ensymes on the thyrotrophic potencj They 
found that the thyroid stimulating action is inactivated by crystalline 
chjTnotrypsm crystalhne trjpsin and crjstalhne pepsin Merck s 
trypsm maj partially reduce the hormonal potencj On the other hand 
papam does not destro} thyrotrophic activity 

IV Adrenocorticotrophic Hormone (ACTH) 

Smce the first observation of Smith (214) it is well established that 
the size and function of the adrenal cortex is under the influence of the 
pituitary (lOl 220 222) In almost all species studied hypophysectomy 
causes adrenocortical atrophy and on the other hand hjpophyeeal 
implants or injections of pituitary extracts tend to enlarge the adrenal 
cortex and to induce hyperplasia of all three of its cell layers The sub 
stance in such extracts has been designated adrenotrophic or cortico- 
trophic hormone Smce the effect of hypophy sectoiny is confined to the 
cortex (220) it is proposed that the name adrenocorticotrophic hormone 
(ACTH) be employed 

A Methods o» As-say 

The enlargement or histological change in the cortex of adrenals of 
normal and hypophysectomiicd ammals has been taken as indicative of 
the adrenocorticotrophic activity of pituitary extracts Colhp el al (41) 
suggested the removal of one adrenal from the hypophysectomized rat 
as the control the weight of which was compared wnth the weight of the 
remaining adrenal after the administration of hy^pophyseal extracts 
Reiss and co-workers (188) described a method based on the change in 
histological behavior of the adrenal of hypophysectomized rats Moon 
(171 172) employed 21-day or four-day old rats as test ammals and 
increase in the adrenal weights was u*«d as the index for adrenocortico 
trophic potency The increment in adrenal weights an two-day old 
chicks has also been suggested (14) for assaying adrenocorticotrophic 
extracts Blumentbal (21) employed mitoses in the cells of the adrenal 
cortex of the guinea pig as a test for adrenocorticotrophic activity 

Since it is known that adrenal hypertrophy m normal animals can be 
induced by many agents other than adrenocorticotrophic extracts (222) 
quantitative assays of ACTH must be earned out with ammals after the 
removal of the hypophysis I>unng the process of dev eloping aproeedure 
for the isolation of the adrenocorticotrophic hormone we have employed 
tw 0 assay methods for following the activity of adrenocorticotrophic frac 
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tions, these are based on the repair wid maintenance of the adrenals of 
hjTiophysectomized rats (142,207) The methods have also been em 
ployed by Sayers el at (200) for the standardization of their ACTH 
preparations 

1 Repair Test 

The histological change m the adrenal cortex of rats after hypophy- 
sectomy is charactenied pnmanly by the disap\iearance of lipides from 
most of the cortex Some hpidea remain m the glomerulosa and scantily 
m the reticulans (171,188) The hpides also become large and more 
irregular in size m hypophysectonuzed animals The repair test (207) is 
based on the ability of adrenocorticotrophic hormone to amend these 
changes and cause a normal distnbution of the hpides Females, 26-28 
days of age are hypophysectonuzed and the adrenals hence alloived to 
regress for fourteen days, at which time injections are mstituted and 
continued for four days, once daily intrapentoneally, followed by autopsy 
96 hours after the first injection The adrenals are fixed m forrool, cut 
as frozen sections, and stained with Sudan Orange The Ion est effective 
amount of the hormone which gives recognizable beginnmgs m the 
redistnbutioD of the cortical tipides in the adrenals of such ammals is 
considered to be 1 unit of ACTH It may be mentioned that the adrenal 
weight does not significantly increase even after injection of 100 such 
units of the hormone The method is highly specific and sensitive It 
requires a very small amount of a pure preparation to obtain the begin- 
nmg repair of the degenerated adrenals 

2 Siatnlenance Test 

This test IS based on weight maintenance of the adrenals by injectmg 
the hormone immediately after hypophjsectomy Male rats (40 days 
old) are hypophysectonuzed and injected mtrapentoneally (daily except 
Sunday) from the day of operation for fifteen days (thirteen injections) 
The adrenal weights of unmjected hjpophysectomized animals regressed 
during this penod from an average of 26 mg to a constant weight of 
approximately 12 mg The amount of ACTH which maintains the 
adrenals in such ammals at 26 mg is I mamtenance unit (207) We 
have found that the sensitivity of the mamtenance test can be greatly 
mcreased if more than one injection daily is employed For instance, 
a 0 2-mg daily dose of the hormone will give adrenal weights of about 
26 mg but the same daily dose when halved and injected twuce daily itil! 
result m adrenal weights of 30 mg White (233) has shown that the 
sensitivity is also influenced by the stram of rat employed, he further 
showed that if adrenal weights are expressed per 100 g body weight, 
assays m different laboratones can be satisfactonly compared 
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B Methods ot Isolation 

Pituitarj glands of «heep ox and swnne ha\e been used for the 
preparation of adrenocorticotrophic extracts S\^nne glands have been 
shown to ha\e a higher concentration of ACTH than do sheep or ox 
glands (C) Besides pituitary tissues there are indications that the 
adrenocorticotrophic substance may be found in the serum of pregnant 
mares (87) and in female human unne (20 21) 

In their method of prcparmgthjTotrophic extracts Collip et al (39 41) 
found that the adrenocorticotrophic activity js in the 75% acetone and 
70%rethanol soluble fractions Bates el oi (14) reported that ACTH 
IS soluble in 60% ethanol Therefore ai^tieous alcohol or acetone solu 
tions have also been found useful in obtaining a potent adrenocortico- 
trophic extract (40 ISO 195) 

It has been claimed b) \n<«e!mino cl al (4) that the adrenocortico- 
trophic factor IS diffusible through 8% acetic acid collodion membranes 
More recentlj Tjslowitz (224) has reported that dialjzates of a glacial 
acetic acid extract of ncetone-dned smne pituitary tissue possessed a 
factor which cau«e<l an increase in the adrenal weights m hypophjsec 
tomized rats It would seem to be important to confirm the«e finding** 
for the> indicate that there ma> be another adrenocorticotrophic factor 
m svnne pituitarj — one which has a smaller molecular size 

Perhaps the best «tartmg matenal for the isolation of ACTH is the 
acid acetone extract of Lj ons (153) It is particularly nch m two hor 
mones onl^— the adrenocorticotrophic and lactogenic substances — but 
low in tbj rotrophic gonadotrophic and growth activities TJsmg this 
extract workers in two laboratories (124 142199 200) have jndepend 
ently isolated adrenocorticotrophic hormone in pure form from sheep and 
smne glands bj two different methods Tbezr products ore apparently 
identical in both biological and physicochemical properties In the field 
of pituitarj hormone re'^earch it js almost proverbial that difiSculties are 
encoimtcred bj anj investigator who attempts to repeat the chemical 
procedure of another It is therefore particularly gratifying to note that 
the data hbtamed by fhese two Jahcmtnnes are on rrunplete ajrepjnent 
It ma 3 be added that Iveufeld (175) has adopted a method similar to that 
described bj Li et al (124 142) for the preparation of highly purified 
adrenocorticotrophic hormone 

1 Isolation of Svnne ACTH 

The method of Saj ers et al (199 200) employed whole swme pituitary 
glands as the startmg matenal The procedure is based on the pnnciple 
that both the hormone and its mam contaminant (lactogemc hormone) 
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have low solubility at their isoelectric points It may be outlined m the 
following steps 

(a) One Vg of who\e s^vlne gfands is extntcled with acid acetone as described by 
Lyons (153) The extractable material is precipitated by increasing the acetone 
concentration to 92% The precipitate is extracted four times with 50 ml water 
The so-called crude prolactin'* fraction is obtained by adding acetone to the com 
bined aqueous extracts to 92% The ‘ crude prolactin" is dissolved m water at 
pH 9 0 The precipitates formed by lowering the pH to 8 0, 6 6, and 5 4, successively, 
are removed by centrifugation The supernatant of pH 5 4 is brought to approxi- 
mately 0 07 saturated ammonium sulfate After removal of the small amount of 
precipitate formed four volumes of acetone are added (c) The precipitate is dis- 
solved in water and the solution is mixed with one half its volume of concentrated 
ammonium hydroxide After the ammoniacal solution is allowed to stand at room 
temperature for seven hours acetone is added to 90% (d) The precipitate is dis- 

solved in water and dialysed until salt free any precipitate formed during dialysis is 
discarded The solution is adiusted to pH 5 4 and centrifuged free of precipitate 
The pH is next lowered to 4 7, the precipitate is adrenocorticotrophic hormone 

The product thus isolated has been subjected to electrophoretic 
experiments in buffers of four different pH values, indicating homogeneity 
of the preparation The sedimentation behavior of a 2% solution of 
the protein in a Beams analytical ultracentnfuge shows no evidence 
of the presence of a second component The purity of the hormone 
has not been examined from the standpoint of solubility studies \Vhen 
assayed in hypophysectomized male rats (total dose, 1 4 mg ) and pigeon 
(total dose, 10 mg ) the product has been shown to be free from growth, 
thyrotrophic gonadotrophic, and lactogenic activities It may be men- 
tioned that the absence of alterations m the uetght of the thyroid or 
testes were used by Sayers el al as reliable indications of the absence of 
thyrotrophic and gonadotrophic contaminants It is, however, well 
know n that the w eight changes in thyroid or testes of hypophysectomized 
animals after injecting thyrotrophic or interstitial-eell stimulating hor 
mones are comparatuely slight In our experience, histological studies 
should be used for indications of the absence or presence of these two 
contaminants in a purified preparation 

2 Isolation Sheep ACTH 

Li, Evans, and Simpson (124,142) used fresh whole sheep glands as 
the starting material for obtaining the final pure protein — the adreno- 
corticotrophic hormone The procedure la as follows 

(a) Sheep pituitanes are ground and extracted with acidified acetone The 
extract is precipitated in 90% acetone and dned (&} The precipitate is extracted 
with 0 10 M disodium phosphate the extract is next precipitated in 2 0 A/ ammonium 
sulfate The precipitate is dissolved in water and dialysed until salt free (c) The 
dialyzed solution is brought to 0 54 3/ sodnim ehlonde at pH 3 0, and centrifuged 
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The supernatant 13 again brought to 20 V ammonium sulfate (d) The precipitate 
IS dissolved in water and to the solution la added half lU volume of concentrated 
ammonium hydroxide The ammoniaca] solution is allowed to stand at room tern 
perature for four hours (e) The solution is then brought to OQ'T, acetone The 
precipitate formed is dissoh-ed tn water and dialfzed against pll 7 5 phosphate buffer 
(/) Saturated ammonium eulfate 13 added to the dia]> ted solution until a 1 65 1/ solu 
tion results The precipitate la dissolved in water and dialyzed again agamst pH 
7 5 phosphate buffer (j) The dialysed solution is put into a boihng water bath for 
two hours After healing ammonium sulfate fractionation is repeated (A) The 
ffnal 1 65 1/ ammonium sulfate precipitate is dissolved m water and brought to 0 54 
If sodium chloride and then to 1 36 V at pH 3 0 The precipitate coming down 
between 0 M 1/ and I 35 tf sodium chloride is the adrenocorticotrophic hormone 


TABLE Vlt 

\iELD IN Each Step in Isoi^tion op Aorenocoriicoteopbtc Horiiove pboh 
One Kilogroz Fress Whole Sheep Guivns 


Isolation step no 
(see text) 

Fraction 

\ield m N mg 

b 

NaiHPOiextraet 

515 

e 

0 St ^f N aO supernatant 

100 

e 

Dialyzed soluble mstena) of acetone N Hi ppl 

65 


Final 1 6S ilf (NII«)^0« precipitate 

37 

h 

Final NaClppt (ACTH) 

11 


The average jneld la terms o( mtrogen in each step is summarized m 
Table Yll It maj be noted that from 1 g of nhoJe sheep glands 
approximately 70 mg of hormone could be isolated W’lien the hormone 
IS assayed m hypophysectoimzed male or female rats it is shoivn to con 
tarn less than 0 10% of follicle stimulating interstitial-cell stimulating, 
and thyrotrophic hormone as judged by histological changes It is also 
eAudent that the hormone is free from lactogenic and grotvth actmties 
when assayed in pigeons and adrenalectomired rats By the method of 
Bum (27), the hormone contains less than 0 02% pressor substance 
Thus, it can be stated that the sheep ACTH isolated by the California 
method 13 completely free from other biotogicallj actne components 
except its own specific adrenocorlicotrophic action The adrenocortico- 
trophic potency of the hormone as assayed by the maintenance test is 
summanied m Table \ III It will be seen that 0 2 mg of the pure 
substance satisfies the criterion for 1 Mamtenance Unit of the hormone 
The physicochemical punty of sheep ACTH has been examined by 
electrophoretic, uUracentnfugal, difitusion, and solubility studies WTien 
the hormone solution is electrolyzed in a T^sehus electrophoresis app^ira 
tus at seven different pH values it behaxes as a single protein Solu 
bihty expenments in one solvent gixe a curye indicatixe of a single 
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component It must be admitted that solubility studies in other 
solvents should be carried out in order to fully sustain the belief that the 
product IS a homogeneous substance 


TABLE VIU 

Bioassay or Sheep Adrenocorticotrophic Hormone in Forty Day Old 
Htpophysectomised Mai£ Rats (Maintenance Test) 


Daily dose, 
mg 

No ot rata 

Body weight 
at autopsy, g 

Adrenal weight, 
mg 

Adrenal weight/100 
g body wt , mg 

0 0 j 

19 1 

127 5 

12 0±O 5“ 

0 4 

0 02 

14 j 

107 8 

15 6 ± 0 7 

' 14 5 

0 05 

25 

118 6 

19 5 ± 1 0 

16 4 

0 10 ' 

15 ' 

117 0 

22 3 ± 1 0 

1 18 9 

0 20 j 

15 

117 4 

25 1 ± 0 9 

21 4 

1 00 1 

10 1 

107 8 

40 1 ± 0 8 

1 37 2 


• Mean ± standard deviations 


Sedimentation and diffusion studies of the hormone nere made m the 
laboratory of J W Williams The protein is found to be homogeneous 
in ultracentnfugal experiments, but the results from one diffusion experi- 
ment earned out in a Lamm cell gave evidence of some inbomogeneity 
(28) It uould be desirable to perform additional diffusion expenmenta 
with somevihat higher hormonal concentrations to establish homogeneity 
with respect to dvffusibiUty 

C Physicochemical Properties 
1 Isoeleclrtc Point 

The isoelectric point of adrenocorticotrophic hormone has been 
thought for some time to be at pH 6 0 to 6 5 (39,40,153) ^Vhen the 
hormone was isolated m pure form, electrophoretic data revealed the 
fact that the isoelectric pomt of the sheep hormone is between. pH 4 65 
and 4 70 (124), while that of the smne protein lies between pH 4 7 and 
pH 4 S (199) Although these two proteins have thus almost identical 
isoelectric points electrophoretic studies at other pH values may reveal 
differences with respect to electrochemical properties Unfortunately 
the data given bj Sayers el al (199) do not specify the ionic strength of 
the buffers used , it is hence not possible to make satisfactory compansons 
of the electrophoretic behavior of the two proteins 

2 Moleevlar Ktneltc Data 

Burtner (28) obtained sedimentation and diffusion constants for the 
sheep adrenocorticotrophic hormone isolated by Li el al Sto = 2 08 S, 
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Djo = 10 4 X 10'^ cm */sec If the partial specific volume is assigned 
as 0 75, the molecular i\ eight is computed to be 20 000, the frictional 
ratio,///# becomes 1 I, i\hich gives aa an approsamate value 3/1 for the 
ratio of major to minor byis of the assumed unhydrated ellipsoidal 
molecule » 

Sayers el ol (199) ga\e the 'sedimentation constant of their smne 
hormone, S.# = 2 04 to 2 11 S They reported no diffusion data but an 
estimated molecular weight of 20,000 

3 Some Analytical Data 

The elementary analysis of a pure adrenocorticotrophic hormone 
isolated from sheep glands shuwsit to contain 46 3% C 5 89% H, 15 65% 
N, and 2 30% S There is no carbohydrate, phosphorus, or cysteine 
m the hormone 1716 hormone contains 1 93% methionine and 7 19% 
cystine (.122), the content of these sulfur amino acids accounts for the 
amount of sulfur m the protein Prehminary analy’sis (121) of trypto- 
phan and tjrosme content by the method of Lugg (150) gives the follow- 
ing data tyrosine 4 5%, tryptophan 1 0% 

4 Solubtbty 

The adrenocorticotrophic hormone is \ery soluble m water and is 
only partly precipitated at its isoelectnc point In 2 5% trichloroacetic 
solution, it IS almost completely precipitated (124) Ihe hormone is 
readily precipitated from dilute solution by 20% BuUo«ahcyhc acid and 
by 5% lead acetate solution (199) Bates et al (14) reported that their 
adrenocorticotrophic principle bad an appreciable solubihty m 60 to 70% 
ethanol or acetone, even m the isoelectnc region 

5 Stability 

One of the remarkable properties of adrenocorticotrophic hormone is 
its resistance to heat treatment (124) When a liormone solution m a 
buffer of pH 7 5 is put in a boiling water bath for 120 mmutes or longer, 
no loss of adrenocorticotrophic activity is observed In 0 10 iU" hydro- 
chionc acrcf, 2% ftormooe solution retains its 6ro)ogrcaf patency wien 
it has been kept at 100®C for sixty minutes, but when a hormone solu- 
tion of the same concentration in 0 10 Af 'sodium hydroxide is heated to 
lOC’C for thirty minutes, the horaaona! activity is almost completely 
destroyed In experiments conducted at 60*C for sixty minutes, 0 2% 
adrenocorticotrophic hormone solution at pH 10 8 does not significantly 
lose its potency (121) The heat resistance of the adrenocorticotrophic 
activity of a punfied preparation m acid solution has also been observed 
by Noble and Collip (177) 
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Table IX summanzea the physicochemical data for sheep and swine 
adrenocorticotrophic hormone 


TABLE IX 

Physicochemical Data* for Sheep akd Swine ADREvocoRTicoTROPmc 
Horuones^ 

































HHRRSH 

KliilMiH 








•See (3S 122,124 199) 

* Figures m per cent except where otherwise indicated 


D EprECT OF Vakjods Agents 
1 Kelene 

When adrenocorticotrophic hormone solutions in pH 7 0 phosphate 
buffer were put in contact with a rapid flow of ketene for two, three, or 
fi\e mmutes, it was noted that one fifth of the phenolic groups m the 
hormone was acetylated while the loss of axoino nitrogen was at most 
50%, jet the adrenocorticotrophic activity continuously decreased 
(143) The authors conclude that the loss of hormonal action is at least 
partly due to the acetylation of the free ammo groups 


2 Nitroui Acid 

If a 2 or 4% ACTH solution m pH 4 0 acetate buffer is allowed to 
react mth 0 5 ml 4 A/ sodium mtnte solution for thirty minutes, the 
adrenocorticotrophic activity is completely abolished (143) The 
authors assume that if the behavior of adrenocorticotrophic hormone 
tow ard nitrous acid resembles that of pepsin (182), the free ammo groups 
in the hormone are necessary for its biological activitj 
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3 FomuAdehyde 

Further evidence that the primary amino groups of adrenocortico- 
trophic hormone are essential for its activity is obtained from a study of 
Its behavior toward formaldehyde (143) ^Tien a mixture of 60 mg 
hormone and 1 ml £0% formaldehyde solution in 10 ml phosphate buffer 
(pH 7 0) was allowed to stand at room temperature for thirty minutes, 
a complete loss of hormonal activity resulted 

4 Iodine 

If a protein contains no cysteine, it takes up iodine through the 
tyrosme group (120) When adrenocorticotrophic hormone solutions 
were allowed to react inth iodine in pH 7 0 buffer the lodme uptake 
corresponds approximatelj to the tj rosine content m the hormone and 
m the meantime, the biological potency is diminished (143) From these 
experiments, it was concluded that the tjTosine groups in adrenocortico- 
trophic hormone arc also essential for its speoBc biological action 

5 Trypsin 

The effect of a commercial preparation of trypsin (Pfanstiehl) on 
adrenocorticotrophic hormone has been studied (124) It was noted 
that the adrenocorticotrophic activity was destroyed when 20% of the 
protein was digested by the enzyme However, no signiBcant diminu* 
tion of its activity w as found when 16% of the hormone was hj drolyzod 

E Htoroetsis with Pepsin 

When adrenocorticotrophic hormone was digested wTth a commercial 
preparation of pepsm (Lillj) to an extent of 36-37% Li et al (124) found 
that the hormonal activity was unchanged as assayed by both the main- 
tenance and repair tests Later experiments (121) confirm and extend 
these findings The new facts maj be sumraanzed as follows (7) The 
digestion with crude pepsm (Lilly) may be allowed to proceed until 50% 
of the protem hormone is hydrolyzed without loss of hormonal activitj 
0?) if C<i% of the fromiooe ts digested mth crystsifeas pepsin iicrfogrca? 
activity IS not entirely destroyed (^) The trichloroacetic acid (5%) 
soluble fraction of the hormone after 50% hydrolysis with crude pepsm 
shows as much adrenocorticotrophic potency as the original material on 
the basis of total nitrogen content This indicates that the hy drolytic 
products possessing lower molecular weights — polypetides — must possess 
the adrenal-stimulating activity (4) Analytical data suggest that the'^e 
polypetides may contam as few as eight ammo acids 
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V. Growth Hormone 

In 1921, Evans and Long (55) lojected a simple saline extract of ox 
anterior pituitary substance mto normal rats and found that the growth 
of these animals was accelerated and the final body weight heavier than 
m Utter mate controls Later experiments of Smith (213) with hjTio- 
physectomized rats showed that the growth of these animals was resumed 
on administration of the same anterior pituitary extracts Thus, the 
existence of a growth hoimonc m these extracts was indicated The 
isolation of the hormone m pure form has only recently been achieved 
(123,125) 

A Methods op Assay 

Three methods for the standardization of growth hormone potency 
are currently employed Two of them are based on the body growth of 
normal or hypophysectomired female rats and have been widely used in 
growth hormone research The third method has been adequately 
explored only recently and appears to be specific, it depends on the rapid 
increase m width of the uncaleified cartilage of the epiphyseal disc of a 
long bone of a young hypophysectomized animal 

1 Body Growth of Normal Female Rats 

Though use of normal "plateaued” female rats, five to six months of 
age and weighing fcocn 220 to 280 g for the assay of growth hormone 
fractions was first suggested by Evans and Simpson (68), such rats, 
although they have reached growth stasis, can be induced to grow readily 
by the admiaistcation of the growth hormone In actual practice, a 
hormonal preparation to be assayed was injected intraperitoneally or 
subcutaneously into groups each of which consisted of at least ten normal 
plateaued female rats for twenty da>s (seventeen injections) A dose 
level that causes an increase in body weight of from 40 to 60 g in this 
penod IS most reliably chosen for such an assay, a unit is defined as the 
daily dose producing a total weight increase of 40 g in twenty days (62) 
It was found that a straight line relationship exists between the logarithm 
of the dose level and the response m body growth (24,77) and that the 
slope of this line is essentially the same for both cruder and more purified 
preparations (166) However, the slope of the line increases with increas- 
ing penods of injection, up to fifteen days (166) For this reason, a 
shorter period of injection than fifteen days is not advisable 

Although normal "plateaued” female rats possess the advantages of 
being more resistant to the toxic effects of crude preparations and m 
being more easily available, their notably lower sensitivity to the hor- 
mone and the longer penod of injections required have liimted their use 
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2 Body Growth 0 / Hypophjfseetomtzed Female Eats 
When hypophj-scctonuaed rats are employed for growirh tests, it js 
essential that they should be rigorously standardized as to strain, se\, 
age, weight, physiological condition, and postoperative penod if reliable 
results are to be obtained The animals are not used for assay unless 
evidence for complete hj pophyaectomy has been obtained The follow- 
ing criteria are generally used to ascertain the completeness of the opera 
tion limitation of body weight gam to 7 g in the first eight days after 
hypophysectomy, impairment of body tonus, maintenance of infantile 
hair, and the final exploration of the sella at autopsy 

For routine assay, a group of ten hypophysectomized female rats, 
28-30 days of age at operation and ten-fourteen days postoperative, 
recei\e nine intrapentoneal injections in ten days A unit is defined as 
the daily dose which causes an a\erage weight gam of 10 g in this penod 
(62) For the highcat degree of accuracy it may be necessary to use a 
fifteen-day injection period (166) WTien the weight gam is plotted 
against the logarithm of the dose, a straight hne is also obtained (144,166) 
Very high lc\cls of dosage are beyond the dc«c range which gives the 
straight line relationship For this reason only that part of the curve 
or line should be employed in an assay 

It IS well recognized that hypophysectomized rats are more sensitive 
m their response to growth hormone than ore normal "piateaued" female 
rots Marxelfll ha\e shown that "the hypophysectomized rats showed 
almost a double relative response wth only about of the relative dose 
as was given to the normal rats" (166) Chou et al (31) noted that 
hypophysectomized male and female rats ore equally responsive to 
injections of growth promoting extracts It is not advisable to use test 
animals more than once to obtain results of the highest accuracy The 
animals which have been employed for a previous assay are neither as 
umform nor as sensitive in their growth respond (24,42,106) 

3 T'd)ta of Hypoyhysedomtzed Rols 
The influence of the hypophysis on skeletal growth has been known 
for some time (48,94,205), but the specific action of growtli hormone on 
the epiphyseal cartilages of the long bones of hypophysectomized animals 
has been desenbed only recently (85,154) Ivibrick el at (108) concluded 
that these effects were as follows "hypophy^toray rapidly initiates a 
loss in the dimensions of the epiphyseal plate, despite the fact that 
growth of cartilage and bone may continue for a short time m the young 
animal after the removal of the pituitary Tins loss in thickness reflects 
the initial disturbance of the eqmlibnum that normally exists between 
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chondrogenesis and oesteogenesis Administration of gronth hormone 
rapidly restores the dimensions of the cartilage plate bj stimulating 
first chondrogenesis and then oesteogenesis until an equilibrium is 
re-established ” Based on these premises, Evans ei al (60) proposed a 
new method for bioassay of the pituitary growth hormone using the 
width of the proximal epiphyseal cartilage of the tibia in hypophysec- 
tomized rats as the index of hormonal stimulation This method was 
found to be approximately three times as sen^itiv e as that dependent 
upon body growth, when compared w^th other pituitary hormonal 
preparations it was found highly specific (168) for the growth hormone 

The procedure requires the use of hypopbysectomiied female rats, 
26 to 28 days of age at operation, twelve to thirteen daj’S postoperative 
The hormone tested was adtmmstered intrapentoneally once daily for 
four days The autopsy was made 24 hours after the last injection, the 
right tibia of each ammal was dissected, spht with a safety razor blade 
and fixed m neutral formol Routine staining with siKer nitrate and 
sodium thiosulfate was used The uncalcified portion of the epiphysis 
was then measured under the microscope with a calibrated eye piece 
micrometer As was found m the body growth of hypophysectonuzed 
or normal rats m their response to growth hormone, here aUo a plot of 
the w idth of the uncalcified cartilage against the logarithm of the hormone 
dose gives a straight-hne relationship (60) 

B Method of Isolation 

Growth promoting extracts of pituitary glands may be obtained 
either with saline (22,55) or alkahne solutions Such all>^me solutions 
are made from ^aOH (57), Ba(OH),, (52), Ca(OH), (169) or NH.OH 
(70) From these extracts, Teel (221), van Djke and Wallen-Lawrence 
(226) were early able to show that the growth hormone activity may be 
precipitated out as a globubn in the presence of sodium sulfate This 
fact led Evans et al (62) to use smmomum sulfate as a precipitating 
agent for the hormone They found that growth promoting activity is 
m the precipitate which occurs between 0 2 and 0 5 SAS, but the precipi- 
tate, though contaimng the growth hormone, was not freed from other 
actne components In 1940, Fraenkel-Conrat et al (77) emploj'ed 
cysteine to inactivate these coutaouiuats and some further increase in 
growth potency was achieied with ammonium sulfate fractionation or 
isoelectric precipitation (167) 

Adsorption methods have also been emploj ed for the purification of 
growth hormone Colhp et al (42) used calcium sulfate to adsorb the 
hormone, whereas Dmgemanse and Freud (47) emplo>ed actuated 
carbon (Nont) as the adsorbent and phenol as the solvent oHhe hormone 
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It IS not established that these methods selectively separated the grow tb 
hormone from all its contaminants 

Success in the isolation of the growth hormone m pure form has only 
recently been attained after long-continued effort m this laboratory 
(123,125) The isolation method may be bnefly summarized m the 
following steps 

(X) The dissected anterior lobes of ox pituitancs are ground and dried with chilled 
acetone ( — 10*C ) The acetone-dricd powder a extracted with calcium hydroxide 
solution at pH 11 5 for 24 hours, the pH is then lowered to S 7 by adding carbon 
dioxide gas (2) The supernatant is brought to 2 0 Itf ammonium sulfate The 
precipitate formed u dissolved m water and the ammonium sulfate precipitation 
repeated The final precipitate u dialyzed until free of salt (5) The insoluble 
material formed during dialysis is next dissohed in water at pH 4 0 The solution 
IS brought to 0 10 M sodium chloride The resulting precipitate is removed and the 
supernatant is brought to £ 0 3f sodium chloride The sodium chloride fractionation 
IS repeated twice (4) The final £0-1/ sodium chloride precipitate » dissolved m 
water and dialysed until salt free The thoroughly dial>sed solution is adjusted to 
pH £ 7 to 5 8, the precipitate is centrifuged oS and the supernatant made alkaline 
and adjusted to pH 8 7 to 8 8 The clear pH 8 8 fluid is then brought to 1 65 3/ 
ammonium sulfate at pH 70 The pH and ammonium sulfate fractionation u 
repeated twice (£) The dialyied solution of the final 1 C5 3/ ammonium sulfate 
precipitate is first adjusted to pK S 7 to 5 8 and then pU 8 7 to 8 8 as above finally 
the eoIutiOB m precipitated at pH 6 8 to fl 9 to the absence of smmoaium sulfate 
This isoeleetrie precipitation is repeated twice Hie final pH fl 8 precipitate is the 
growth hormone 

A nearly crystalline preparation of growth hormone could easily be 
obtained by cooling its warm supersaturated solution after the removal 
of some precipitates at pH 7 0 Fig I gives a photomicrograph of such 
preparations 

C Criteria of Poritt 

1 BtcHogtcal Test 

The hormone isolated by the procedure just described contains no, or 
extremely low amounts of, biologically active contammants When a 
total dose of 10 mg is injected subcutaneously into month-old squabs 
(four d&i s), there appears no lactogemc poisBcy A tolaJ dose of 5 mg 
in hypophysectomized female rats in four days gives no histological 
evidence of the presence of adrenocorticotrophic, thyrotrophic, or gonado- 
trophic hormones * 

* However, when the preparation u injected m old hypophysectomued rata (over 
one year poatoperative) for 39 days with a total dace of £ 8 mg , results (IS) mdicated 
that it may contain a minute quantity of thyrotrophic substance It may be agreed 
that the most sensitive tests for the punty of a bwlogicaliy active protem are bio- 
logical assay methods, if the contamualmg aubsUnces arc physiologically active. 
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2 Diffusion 

The homogeneity of the hormone \iith respect to molecular ®ize has 
been examined by diffusion expenments using the sintered glass disc 
techmque of Northrop and Anson (178) It as found that the amount 
of diffused mtrogen/unit time was practically constant and that there 
was no difference in growth potency of the protein solution after or before 
the diffusion process 



S ElfciropJwresw 

\Vhen a 1% growth hormone solution is subjected to electrophoretic 
studies in a Tiselius apparatus (223) with the scanning method of Longs- 
worth (148), the hormone migrates as a single component in three buffers 
of pH 4 0 4 95 and 9 60 Fig 2 presents a few electrophoresis patterns 
of such expenments 

In one experiment, the protein which appeared in three different 
sections of the electrophoresis cell (the parent solution was submitted 
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for 120 minutes at pH 4 0 to a potential gradient of about 6 v /cm ) was 
recovered separately and no significant difference m growth potency of 
the three fractions could be detected The fact that no electrophoretic 
separation of the hormone could be achieved indicates that the prepara- 
tion IS homogeneous as to its electrochemical properties 



(a) (b) (c) 


Fia 2 — Electrophoretic patterns of the ascending boundary of growth hormone 
preparations (a) acetate buffer of pH 4 0, 120 minutes e!sctro])sis (b) acetate 
buffer of pH 4 93, 340 nuoutes etectrol>ais (c) barbiturate buffer of pH 9 60 AH 
buffers of 0 1 lome strength, 1 5*C 

4 Solubtltlj/ 

Since meltmg points of proteins can not be determined without 
decomposition, the ordinary methods for deternuoing punty in organic 
compounds are not suitable for substances of protein nature Northrop 
and colleagues have used eYtensivcly the solubility technique (97) to 
detect impurities m their crystalhne enzyme preparations It is non 
generally agreed that the solubility test is the best phj’sical method to 
establish the punty of protein preparations 

Three solvents uere used to study the solubility behavior of the 
growth hormone In each instance, the solubility of the hormone was 
constant after the appearance of the solid phase indicating the singular- 
ity of the preparation The solubility curves are given m Fig 3 

Ultrscentnfugal studies of the hormone have not been made, m new 
of the umformity of the diffusion rate, the hormone is most probably 
homogeneous mth respect to moleoilarity Furthermore, no instance 
IS known in which a protein behaves like a pure substance in solubility 
experiments but shows heterogeneity m uft'raceatnfugaf tests 

D BiOLOGICVL POTENry 

When the growth hormone preparations were assayed m hypophy- 
sectomized female rats for growth-promoting activity, it was noted that 
0 01 mg daily for ten days {nine injections) caused an average of 10-g 
increase in body weight Table X summarizes the assay results with 
different dose levels of growth hormone The biological potency of the 
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Fig 3 — Solubility curves of the grovth hormone m vanous solvents at 5*. (A) 
solvent, distilled water, pH 7 1 , (B) solvent, 4 8 if NaCl m 0 07 M phosphate buffer, 
pH 5 7, (C) solvent, 3 8 3/ bfaCl in 0 07 3/ phosphate buffer, pH 6 4 


TABLE X 

Assat or Growth Horuonzs in Htpophtbectouised Feuale Rats 
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hormone is further standardized by its action on the epiphyseal cartilage 
of hypophysectomized annuals The results are also included in Table 
X, it IS endent that a 0 010-mg daily dose for four daj^ is needed to 
cause an increase of 50 7o m the width of the uncalcified portion of the 
proximal epiphyseal cartilage o\er that of the control 



Fio 4 — Gron th curves of normal plateau temale rats The experimental animal 
received daily 0 40 mg gro^h hormone the first 23 days, 0 60 mg daily the next 63 
days, 1 Omg daily the next 33 days, 1 Stag daily the next 115 days, 2 0 mg daily the 
last 193 days no injections on Sundays The control rat received no injections 

There has been some discussion as to the ability of growth hormone 
to cause continuous growth in noimal “plateaued” or in hypophysec- 
tomized rats To sum up the situation Long (147) has said “In the 
firet experiments reported by Evans and Long the rats were injected daily 
for as long as 8 to 13 months with a crude alkahne extract and although 
growth was not as rapid in the late penod as at first, nevertheless it was 
continuous throughout the penod of injections Later attempts to 
repeat this expenment, even in the same laboratory, showed that, after 
an imtial penod of bnsk growth, the ammals became refractory to the 
extract and even lost some of the weight they had gamed The same 
result was also obtained in hypophysectomized animals but even more 



682 CHOH HAO LI AND HERBERT It EVANS 

discouraging was the fact that p 2 kitial purification o{ the extract did not 
correct this decreased responsiveness ” 

We have recently injected the groivth hormone into normal "pJa- 
teaued” female rats for 435 days, the daily dose increased gradually 
from 0 4 mg to 2 0 mg It was found that the animals gained weight 
continuou®ly although the growth rate became somewhat slower in the 
later period of the injections Fig 4 presents the growth curves of a 



Fig 6 — Growth curves of hjpophysectomized female rats The experimental am 
mal received 0 10 mg daily growth hormone the first 140 days and then increased the 
daily dose to 0 20 mg no injections on Sundays The control receii ed no injections 

typical injected rat and a control It can be seen that the body weight 
of the rat increased from 270 g to 664 g , whereas the control gamed 
only 42 g 

A similar experiment with hypoph^ectomized female rats, 26-28 
days of age and twelve to fourteen days postoperative, also indicates 
that the pure growth hormone induces continuous growth m such animals 
and there is no sign of refractoriness with over 200 days of injections 
The daily dose required in this expenment js much Ie«-s than that for 
normal rats, it changes from an initial d<Ke of 0 10 mg to 0 20 mg m the 
later penod of the expenment Thoi^h the expenments with bypo- 
physectomized animals are still in progress, we wish to present at this 
time the growth rate of an injected rat and its control in Fig 5 It is 
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apparent that the pure gronth hormone can cause continuous body 
groiNth m both hypophyscctomized and normal rats if the dose of the 
hormone is increased proportionately nith the size of the ammal 

E PmsicocHBMiCAi. Properties 
1 Isoelectric Point and Molecular Weight 

From electrophoretic mobility data, the isoelectnc point of gronth 
hormone is estimated to be pH 6 85 This value is considerably higher 
than that found for lactogenic, adrenocorticotrophic, and sheep inter- 
stitial-cell-stimulating hormones 

The osmotic pressure measurement was employed for the determina- 
tion of the molecular neight When the protein is dissolved m 0 40 M 
or 0 80 il/ ammonium sulfate solution at pH 6 64 to 7 00, the calculated 
molecular weight from the observed osmotic pressures is found to be 
44,250 This value can also be derived from analytic, viscosity, and 
diffusion data Hoisever, the molecular weight as determined by ultra- 
centnfugal studies has yet to be obtained 

2 dnolyhcal Data 

Elementary analysis of pure growth hormone preparations gives the 
following results C, 46 35%, H, 707%,S, 1 30%. N, 15 50% (Kjeldahl), 
1665%(Dumas) There is no phosphorus or carbohydrate Theamino 
mtrogen as determined by the Van Slyke manometnc technique is 0 76%, 
the amide mtrogen 1 20% 

The tyrosine and tryptophan content of the hormone are 4 30 and 
0 92%, respectively as estimated by the method of Lugg (150) The 
glutamic acid was determined by Lewis and Olcott (116) using a micro- 
biological method and amounts to 13 40% The hormone contains no 
cysteine The cystine and methiomne content of the hormone are shown 
to be 2 25 and 3 06%, respectively (122) The sulfur in the protein is 
completely accounted for by these amounts of cystine and methionine 
If one assumes that the hormone contains two molecules of tryptophan, 
four molecules of cystine, mne molecules of methiomne, ten molecules of 
•n'AW'A’.lfi? nf ^Jbteiaic Arad- *nd eighjeftn atoms of irnlfu^. 
an average computed molecular weight for growth hormone is found to 
be 43,575 This value is m good agreement with that obtained by the 
osmotic pressure method 

3 DiSusxon and Viscosity (.IBl) 

The diffusion constant of the hormone was determined m an electro- 
phoresis cell as suggested by Longsworfcb (149) When the corrections 
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for the solvent and temperature were made, the diffusion constant 
Dio (w ater) became 7 15 X 10“' cm Vsec 

The viscosity of the hormone solutions was measured m a capillary 
viscometer as described by Neurath et al (176) A plot of the protein 
concentration against the observed relative viscosity gives the constant 
for the specific viscosity, (iiAo “ l)1000/cFi = 7 64 From this con 
stant the ratio of major to minor axis of the hormone protein is shown 
to be 6/1 when Simha s equation (206) is used This indicates that the 
growth hormone molecule is more elongated than the adrenocortico- 
trophic and lactogemc hormones 

e have computed the molecular weight from these data and a value 
of 39 300 IS obtained It is apparent that this value is m fair agreement 
\nth that estimated from osmotic pressure and analytic data 

Table XI summanres the known physicochemical data of anterior 
h 3 pophyseal growth hormone 


TABLE XI 

PsTSICOCHGinCAt. Data op Gsowtu Rormonk 


c % 

40 3a 

Cysteine % 

0 00 

H % 

7 07 

Cystine % 

2 25 

8 % 

1 30 

Metbionine % 

3 06 

N (Dumas) % 

15 65 

Glutamic acid % 

13 40 

N (Kjeldahl) % 

15 50 

Molecular weight 


Amico N % 

0 76 

Osmotic pressure 

44 250 

Amide N % 

1 20 

Analytic data 

43 575 

No of acid groups/10* g protein 

9 60 

Diffusion %nsoosity 

39 300 

No of base groups/10* g protein 

13 40 

Isoelectric point pH 

6 85 

Tyrosine % 

4 30 

Diffusion constant Dn X 10 

7 15 

Tryptophan % 

0 92 

Partial spcciBc volume Vi 

0 76 



Viscosity coefBcient 

7 64 



Dissymmetric constant ///• 

I 31 


F Effect of Vabioos Agents 
1 Effect of ProteolytK Enzymes 

When dilute solutions of growth hormone were incubated at 37“C 
with trypsin or pepsin the growth potency was greatly reduced Such 
results are to be expected if the protein is the hormone 

2 Effeti of Heal 

It has been generally believed that the growth hormone is a thermo- 
labile substance (56 204) Using the pure hormone it w as found that the 
hormone activity was completely lost at pH 4 0 7 5, and S 9 in boiling 
water temperature for ten minutes When an intermediate temperature 
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was applied for one hour, it was obscr\ed that the hormonal solution 
(0 02% at pH 7 0) remained perfectlj clear up to 60®, turbidity began at 
70® and flocculent precipitation occurred at 80" On the other hand, 
the growth potencj was not significantly reduced at 60°C but it 
ivas destroyed at 70" and SO" when the solutions were cooled and 
assayed in hypophy’sectomired rats This indicates that the hormonal 
activity cannot be separated from the protein and that the protein 
isolated is the hormone It was further found that the growth potency 
was destroyed at pll 3 1 when the protein solution was kept at 00"C for 
one hour Under similar conditions the hormone remains unchanged 
at pH 10 5 This substantiates the belief that the growth hormone is 
more stable in alkali than m acid solutions 

3 Effect of L rea 

^\'hen 1% growth hormone solution in pH 7 0 C 66 il/ urea stood for 
24 hours at room temperature, it was shown that the biological potency 
did not change 

4 Effect of Ntlrous Aetd and Kelene {181) 

Growth hormone (8 mg ) was dissolved in 2 ml pH 4 0 acetate buffer 
and 0 25 ml 4 M sodium mtnte was added The solution was allowed 
to stand at 22"C , after tlurty minutes, it was neutralised and assayed by 
the tibia test It was found that the hormonal activity was completely 
destroyed Since nitrous acid probably only reacts wnth the free ammo 
groups m the protein under these conditions, it may bo concluded that 
primary ammo groups nro essential for the growth potency 

AYe have also employed ketene to react with growth hormone 4 
1 2% growth hormone solution in pH 4 0 acetate buffer w as treated intb 
a rapid flow of ketene at 0®C for thirty minutes Afterward the acet- 
ylated hormone was rccoiercd by dialyrsis and lyophihzed Analytical 
results indicated that the ammo groups were covered to the extent of 
75%, while 35% of the phenolic groups were acetylated Both tibia 
and body groivth tests in hyiiophysectoinited female rats showed that the 
product contained no groirth promoting activity Since both amino and 
phenolic groups react w^th ketene, it is difficult to "ay which of these 
groups IS responsible for the loss of the biological action However, 
when the acetylated hormone in pH 11 0 solution was allowed to stand 
at 22®C for sixty minutes, the Fohn phenol color was completely recov- 
ered indicating that the phenolic groups became free When the aeet- 
ylated product was assayed after such treatment no indications of the 
recovery of hormone activity were secured Thus, it is certain that the 
loss of growth activity was at least partly due to acetylation of the ammo 
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groups m the hormone It may therefore be concluded that the free 
ammo groups are essential for the growth-promoting action 

VI. Summary 

We are certain at the present time that there are at least six hormones 
m extracts of the anterior lobe of the pituitary Four of them have been 
isolated in pure form, viz , the lactc^emc, interstitial-cell stimulating, 
adrenocorticotrophic, and growth hormones The physicochemical 
properties of these hormones are distinctly different among themselves 
Tables XII and XIII summarize the known physicochemical charac- 
teristics of these proteins 


TABLE XII 

Physicochemical PBOPESTiEa or ICSH, ACTH, Lactoqevic and Growth 
Hormones 



Biologically the six knowTi hormones can be classified into tw o groups 
the first group may be called the gonadotrophic hormones, which includes 
folIicle-stimulating, interstitial cell-stimulating, and lactogenic hormones, 
while the growth, adrenocorticotrophic, and thyrotrophic pnnciples 
belong to the so-called metabolic hormones Chemically, these hor- 
mones may be divided into two types of proteins glycoproteins (thyro- 
trophic, foUicle-stimulating and interstitial-cell-stimulatmg hormones) 
and simple proteins (growth, adrenocorticotrophic, and lactogenic 
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hormones) From their solubihty characteristics, the growth and 
lactogenic hormone may be said to be T^ater-msoluble proteins whereas 
the folhcle-stimulating, mterstitial-cell-stimulatmg, and thyrotrophic 
hormones are highly soluble m water 


TABLE Xin 

Sous Anaittical Data* or ICSH, ACTH, LAcroacvrc, and Gkowth HoRntoNES 


DetemimatjoD 

rcsii 

ACTH 

Lactogenic 

hormone 

Growth 

hormone 

(Ox) 

8heep 

Swine 

Sheep 1 

Swine 

Sheep 

Ox 

C 1 


49 37 

48 35 1 

50 64 

50 72 

51 50 

46 35 

H 


6 83 

5 89 i 

G 23 

6 63 

6 92 

7 07 

N 

14 20 

14 93 

15 65 1 

15 47 

15 86 

16 50 

IS 63 

S 



2 30 

2 33 

1 79 

2 00 

1 30 

Ammo N 

1 


i 


0 74 


0 76 

Amide N 





1 40 


1 20 

Cysteine 

0 0 


0 0 

0 0 

0 0 

0 0 

0 0 

Cyatme 



7 19 


3 n 

3 4 

2 25 

Metiuooin 



1 93 


4 31 I 


3 06 

Tytoaiae 

4 5 




4 53 

5 7 

4 30 

Tryptephfta 

1 0 

38 



1 30 1 

1 3 

0 92 

Glutamie acid 





12 30 


13 40 

Aigimoe 





8 31 



0roup8/l0,000 g 








Acid ' 





11 5 1 


9 8 

Base 





12 7 1 


13 4 

Mannose ' 

4 5 

2 8 

0 0 


1 0 0 I 


0 0 

Hexoseanune | 

5 8 1 

2 2 



0 0 I 


0 0 


' Fipires m per cent except where otbenme indicated 


Though these hormones can easily be separated from the extracts of 
anterior pituitary ti®sue, it is far from certain that identical substances 
are actually secreted into the blood stream by the hypophysis Eesearch 
on hormones isolated from the blood stream itself must furnish hght on 
such problems 

Finally, it csaaot be (n'eiJooked that other hormones beside the six 
just mentioned may be present in and secreted by the pituitary gland 
The discovery of new physioli^cally active substances will utilize a 
thorough knowledge of the biological reactions of the individual pure 
hormones and their combinations as compared with implants or injec- 
tions of crude extracts of whole anterior pituitary substance Such 
biological responses, like those at present know n, will have to be studied 
as to their effects, for example, upon ensyme systems Hardly a begin- 
mng m such mquines has as yet been made 
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For any eYposition of the part played by honnones in the development 
and functioning 0! the normal inaromary gland we find ourselves pre- 
sented with an array of established or partly attested scientific facts, 
collected mostly during the last two decades and providing a body of 
evidence already sufficiently unequivocal to be of some value to the 
clinician and to warrant optimism regarding their future application to 
the practical problems of dairy husbandry. On the other hand there are 
still issues of fundamental importance which are held in doubt, or around 
which rival theories spread an enlivening controversy. Broadly, two 
main aims may be attributed to research in lactational physiology: to 
find the hormonal mechanisms governing the development of the mam« 
mary gland itself, and to detennine the influences controhing the secretion 
and ejection of milk from glands so formed. A useful and unartificial 
classification of our present knowledge may well be based on a separate 
consideration of these complementary paths of research, and the present 
chapter has been written with this plan in mind. 

I. Morphology of the Mammary Gland 
It is essential for a proper evaluation of studies on the growth and 
differentiation of mammary tissue to consider first the typical mor- 
phological structures of which the glandular parenchyma is composed 
and to relate certain well-defined stages in the development of these 
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structures to corresponding phases m the reproductive life of the animal 
The literature dealing wnth the microscopic anatomy of the gland has 
been ably summarized by Turner (155), whose publication, although 
dealing primarily nith development in the bovine, ranges extensively to 
proMde a most valuable contnbution to comparative anatomy and 
incidentally deserves to be far more widely knomi 

This author, while stressing the variations to be found in the develop- 
ment and gross anatomy of the mammae of different species, testifies to 
the uniformity of the histological structure of the parenchyma Whether 
one considers species as distinct as man and the marsupial Dasyurus 
vivemnus or the cow and the rabbit, the same basic type of tissue struc- 
ture IS to he observed though in the monotremes or egg-laying mam- 
mals — we may instance the duck-billed platypus — the apparatus has 
unusual characteristics and offers m many respects a more primitive 
version of the general form There are two structures of major impor- 
tance the alveoli (acmi), which are the secretory organs, and the ducts 
which act as channels through which the secretion passes to the external 
orifice of the gland Questions of the endocrine influence on mammary 
growth largely resolve themselves into observations on the proliferation 
or regression of these structures m response to different stimuli 

The duct system may be compared with a compheated arborcscence, 
at the ends of whose smallest members, by analogy the twigs, are to be 
found the bulbous alveoli Secretion from the alveoli Sows from smaller 
to larger ducts, which m high-yiclding species such as the cow derive 
their names — intralobular, interlobular, mtralobar, and interlobar— 
from their internal or interconnective relationships with morphologically 
recognizable aggregations of alveoli known as lobules and lobes The 
latter units are given their mdividual character by the surrounding 
connective tissue, thinner m the case of the lobules, which are composed 
of alveoli, than in the lobes, which are composed of lobules In smaller 
laboratory animals such as the rat, a more usual duct nomenclature is 
that distinguishing the major primary duct and secondary, tertiary, 
quaternary, and terminal ducts arising from its subsequent, and usually 
dichotomous branchings The terminal and lateral buds on the smaller 
ducts of the undeveloped gland represent the aniagen of the future 
lobules and each secondary duct with its bud like growths constitutes a 
potential lobe Histologically the alveoli and all but the finest ducts 
may be distinguished from one another by their single cell and double- 
cell epithelia, while the ducts, again excluding the finest, have an outer 
layer of connective tissue of which there is no counterpart of comparable 
thickness enveloping the alveoh It is contended that some secretory 
activity is a function of those ceUs of the fine terminal ducts which lie 
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closest to the nl\ eoh and a transition to a single cell epithelium has been 
demonstrated m these areas as has al<«o the presence of a relativelj 
simple Golgi apparatus (168) These facts suggest secretory powers 
shared only in negligible degree if at all b3 the double cell epithelia 
Iming the larger ducts (134) while the report of pronounced \acuoli2a 
tion of the cjtoplasm of duct cells during late pregnancy m rats (135) 
also lends support to the theory of terminal duct secretion Jeffers (60) 
has furthermore commented upon certain panllelisms to be noted m the 
degeneration of alveolar and some duct epithelial cells in the lactating rat 
This question is more fullj discussed at the beginning of the next chapter 

The histoiy of proliferation and regression in the mammae of any 
single species cannot be taken as tjpical of all differences are pnmanly 
not of kind but of the relatn e importance of the % nrious phases of growth 
which arc customarilj recognized as contributing to full development 
and function pha«es dependent upon and owing their variable nature 
to the still more fundamental and characteristic reproductive history 
of the species It maj however be less confusing bearing this proviso 
mmind first to consider mammarj growth as it can be obscrv ed through 
out the normal life history of a single species deferring a consideration of 
such points as arc of interest in a comparative sense until the basic hor 
monal mechanisms hav e been discussed 

The rat presents a species suitable for iffustration in that it has been 
im estigated m greater detail than most other mammals and also since 
it exemplifies a sufficiently representative selection of the possible growth 
phases associated with mammary development m other species The 
mam details of its postnatal sexual life maj be divided into (/) a period 
of inactivity lasting for about seventy daj’S from birth to puberty (79) 
{2) periods of estrous actn 163 in the v irgm animal when an estrus 
cycle is evinced with a mean length variously computed at between 4 6 
and C 2 days (120), (3) periods of gestation — approximately 22 days— 
and of ensuing lactation when apart from a single estrus occurring one 
day after parturition estrous manifestations are in abeyance for about 
thirty days and (4) periods of resumed estrous activity m the post 
parturient adult whose litter has been weaned a process normally 
taking place when the 30ung are about '21 days ofd Fmafiy sfenfe 
copulation mechanical stimulation of the cervix and other agencies can 
induce a pseudopregnant penod in the rat lasting for twelve to thirteen 
days 

We may note here that the figure illustrating this section (Fig 1) 
depicts the rabbit rather than the rat gland this figure has beenused so 
that readier comparisons may be made with the experimental glands of 
rabbits shown later m the text 
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Myers in a series of communications (103 105) has made an intensive 
study of the changes observed in the mammary glands of the female and of 
the male albino rat from birth to puberty His observations show that 
at birth the female glands ha\e a mammary apparatus comprisingsecond 
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ary, tertiarj', and terminal dxicts, all with lumma, as well as the partially 
closed primary duct The ducts ramify m a single plane parallel to the 
surface of the skm, except m the case of the second inguinal gland, w here 
obstruction by the hind limbs or the e\ternal genital organs even at this 
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gen injecUona 4. On twelfth day of j»Budopt^aancy S On twenty-third day of 
normal pregnancy. (From Parkes, 121,122 ) 
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early stage compels a multiplanar development Lateral and terminal 
buds are also apparent Allomngfora marked venation in the degree of 
development m different individuals, it was clear that the branching and 
extension of this immediately postnatal duct system proceeded only 
slowly for the first four weeks, an interesting change during this penod, 
however, was the formation at two weeks of a continuous, but still very 
minute channel between the pnmary duct — and by implication the 
whole duct system — and the extenor Development, still by duct 
extension is far more rapid dunng the fifth week when separate gland 
systems begin to ov erlap, w bile in all glands the growth is no longer con- 
fined to one plane only A second phase of greatly increased growth takes 
place at the ninth and tenth weeks, and, whereas the earlier sudden 
proliferative burst was not connected by Myers with any concomitant 
physiological stimulus, this later enhanced activitj could be ascribed with 
confidence to the onset of puberty At no stage during the prepubertal 
changes were true alveoli found and we may regard this period as one of 
extensive duct formation only, though “outpouchings” from the smallest 
ducts were deemed an early indication of lobulation 

Further growth changes are imposed upon the duct sjstera at each 
recurrent estrous cycle (149), when the mam ev idence is a rapid forma- 
tion and sprouting of lateral buds on the smaller ducts This activity 
IS followed however, by regressive changes during the next pro-estrous 
penod and the net growth over the complete cjcle is probablj small and 
of \ ery minor importance onij as regards alv eolar dev elopment 

The formation of this secretory tissue is how ev er abundantly ev ident 
during the first half of pregnancy Weichert and Bojd (170) found con- 
spicuous lobule development m rats killed on or after the ninth day follow - 
ing conception but noted also that there v\as little further increase m the 
absolute amount of secretory tissue dunng the second half of the gestation 
penod though the onset of alv eolar secretory activ ity tow ard the end of 
pregnancy, w ith attendant distension of the alv eolar lumina, resulted m an 
apparent extension of the parenchyma at this time Roberts (135), 
m an earlier study on mammary changes m the rat dunng the second half 
of pregnancy, had reached similar conclusions, stating that there was 
little further development dunng this period, in which the glands when 
sectioned resembled "small islands of glandular tissue m a lake of fat ” 
Cytologically he found no evidence of mitosis m the alveoli dunng the 
period studied and concluded that the gland had "already reached its 
maximum growth, so far as number of cells is concerned, bj the thirteenth 
day of pregnancy ” From this time until partuntion the changes are 
those associated with the hypertrophy of the formed glandular elements 
preparatory to active secretion, and with the first incidence of secretion 
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itself The cjtological study b> Weatherford (16S) showed agreement 
with the contention that mitotic actuity has practically ceased in the 
aheoli midwaj through pregnancj, but Jeffers (60), contrary to this 
view, claimed that mitotic figures are frequent dunng the second half of 
pregnancj and that hjiierplasia therefore continues throughout this 
time 

Maeder (90) has shown that the histological picture remains constant 
throughout lactation, and is the same m all respects as that "een m the 
incipient secretory phase at the end of pregnancj After weaning how- 
eier, definite changes nere noted by tbia author on the third daj, and 
the in\ olution of the parenchj ma coatmued progressi\ elj from this time 
until the thirteenth daj when the gland was judged to resemble closely 
that of the adult nrginal resting gland, once again being composed only 
of ducts Thc'se Qbscr\ations substantiated an earlier and le«s detailed 
report by Mj-ers and Mjers (102) 

The appearance of fobuJe-aheolar tissue is also to be <een in pseudo- 
pregnancy resulting from stenle copulation or mechanical stimulation 
of the cerMX, and m the opinion of Frejer and E\ans (31) the greatest 
proliferation dunng this time is qualitatnely similar to that on the 
eleventh day of a normal prognaocj, though they judged the quantita- 
tive significance to be somewhat less Seije and McKeown (142) have 
reported that they too haio never faded to detect alseolar development 
m rats pseudopregnant as the result of the suckling stimulus provided 
by Utters from other does (143), and Jeffers (61) has supplemented their 
observations bj a cytologica! study of the mammary glands of rats used 
m such expenraents, expressing her opinion that the glands could have 
supported lactation comparable to that occurrmg after the birth of a 
normal, full term litter 

A study of the male rat gland from birth to ten weeks of age (104) has 
shown a development parallel with that of the female gland for the first 
five weeks, after this, growth is much slower but may still contmue to 
some extent even after pubertj In contradistmction to most other 
species, both the extension of the duct system and alveolar development 
have been observed in mature males (4,88,165), the adult gland having a 
dense, compact dev elopment, while it la interesting to note the absence 
of nipples and the rudimentary condition of the second inguinal glands 
in all males examined 


II Early Investigations 

The earliest inquines directed toward the elucidation of the media 
nisms controUing the growth of the mammary gland hav e been adequately 
appraised in earher reports (154,159), and we note here only the general 
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progress of thought m this field prior to the toore modem i\ork utiliz- 
ing pure hormones or punfied extracts mth clearly defined endocnne 
properties 

The original, and somewhat intuitive conception of neural control 
was overthrown at the turn of the century by experiments involving 
nerve section and transplants of mammary tissue (see Turner, 154, for 
review) The alternative possibility of hormonal mediation gained 
ground rapidly and was upheld as a reasonable physiological hypothesis 
by the grow mg appreciation of stm ilar work in other fields, dating from 
the classic expenments of Berthold, Brown-S4quard, and others in the 
nineteenth century (see Chapter I of this volume) The close association 
of mammary grow th wnth pregnancy naturally focused the attention of 
workers upon the fetus, placenta, and ovaries as the probable active 
agencies of control, and ovariectomies and ovanan grafts gave encourag- 
ing and prov ocative results Aqueous extracts of organs associated with 
the animal s reproductive life, for reasons easily surmized, were disap- 
pointing in their action — see for example the pioneenng studies of Lane- 
Claypon and Starling (62) — and further advance awaited the first use 
in 1912 of lipide extracts (57) Progress remained comparatively slow, 
however, owing to the indefinite character of the extracts used, which did 
not permit satisfactory comparisons, either quantitative or qualitative, 
of one experiment with another The development of an easy assay of 
estrogenic potency by the Allen and Doisy vaginal smear test, following 
the indicative expenments of Stockard and Papanicolaou, and the sub- 
sequent isolation and characterization of the estrogenic hormones, 
quickly brought a greater objectivity into this realm of accumulating, 
yet unassessable, data, and we may regard these two achievements as 
demarcating the years of modem inductive work upon which our newer 
knowledge of the role of estrogens m mammary growth is founded The 
progress made in the years between these separate advances resulted 
from the use of ovarian, placental, and particularly urine extracts 
(52,64,159) of tested estrogenic potencies Such preparations gave 
the first clear indication of the relationship between the power to develop 
the mammary gland and the estrogen content of the active substances 
used And Jhnrxcmnp /v-p,rui.’a^.»nn5 as 

an essential step m the furtherance of research on the dev elopment of the 
gland 

Apart from the ovary as a whole, the participation of the corpus 
luteum m mammary growth had been suspected from an early stage 
The proliferation of alveoli in pregnancy, in pseudopregnancy, and, in 
some species such as the dog, durmg metestrus could be correlated with 
the presence of active corpora lutea m the ovaries, but again the experi- 



XV HORMONAL CONTROL OP MAMMARY GROWTH 


703 


mental approach to the problem nas hampered inadequately charac- 
tenzed matenals, until the preparation m 1929 by Comer and Allen of 
actn e corpus luteum extracts, and the isolation t\\ o > ears later of crystal- 
line progesterone 

The role of the anterior pituitary, non believed to influence funda- 
mentallj the development of mammary tissue, has been the subject of 
more recent research and its “historj ’ is still that of contemporary 
endeav or and will fall naturally into the scope of this review as will also 
the more scant knowledge we hav e of the m\ oh ement of the thyroid and 
other endocnne glands 

in. The Ovanan Hormones and Mammary Growth 

A comparison of the groirth caused bj the purified estrogenic hor- 
mones, estrone and estriol, and by a crude extract of estrogenic hormones 
from pregnant cows' unne ( 161) showed no significant differences in the 
amount or type of grow th produced The effects of the«e preparations 
were studied mth the aid of three species rabbit, rat, and mouse and in 
each case it was clear that duct growth alone was being influenced and 
that the active principles in the unne extract were biologically similar to, 
and po^ibly identical with, the pure estrogens used in the experiment 

The animals used m these and m similar studies having the same aim, 
were of both sexes ^^'hea using females it is of course obbgatory, m 
attempting expenraental groHih, to use animals spayed prior to puberty 
so that normal duct growth shall have been inhibited by deprivation of 
the natural ov anan estrogen supply, alteroatively , in species such os the 
rabbit which show no appreciable development of the glands in the pre- 
pubertal stage (159), the use of immature unspayed females should be 
possible wnthm this limited period On the other hand males of some 
species — since the male gland responds to the same stimuli and apart 
from the male ruminants (26), is equipotential with the female gland, 
while not being under the direct influence of the female gonad — fre- 
quently present more suitable experunenta) subjects, this is especially 
so in such cases as the mou^e in which the male gland remains a mere 
Tudixsestsjy duri system throughout the normal hfe qycle (162) Cas 
tration has been shown unnecessaiy m sev eral species, normal unoperated 
adults prov idmg the best experimental subjects 

An extension of the work on duct growth, usually with estrone as the 
estrogenic hormone, confirmed for all species studied the basic importance 
of these substances for this particular type of development, a uniformity 
contrasting markedly with the speaes differences encountered in the 
ability, or inability, of estrogens to influence the formation of lobule- 
alveolar tissue Concise summaries of the work beanng on both these 
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aspects of estrogen activity have been given by Nelson (107), Turner 
(156), Folley (21), and Petersen (124), and of laboratory animals, it mil 
be sufficient to note in any detail here two of the most extreme instances 
the mouse, for which a pure duct response has been postulated, and the 
guinea pig, which by contrast gives complete mammary development 
after estrogen treatment 

Turner and Gomez (163) demonstrated that 10 rat units (R U ) of 
estrone administered daily to male mice would cause progressive growth 
of the duct system only, and that this grou th was still to be seen after 
100 days treatment, they concluded that the normal response of this 
animal would seem to exclude any lobule-alveolar formation The 
results were confirmed by Gardner el al (36), whose male mice, on treat- 
ment with estrone, developed glands comparable m size to those of the 
virgin female animal Even in this species, however, occasional reports 
(74) testify to the sporadic appearance of small isolated groups of alveoli 
in individual cases, though true lobule formation has not been observed 
as the result of physiological doses of estrogen m normal strains An 
abnormal development in which the duct growth was stunted, but 
lobules of alveoli were formed, was reported by Gardner el al (38) as the 
result of long-continued injections of estrone into both caDce>suscepti 
ble and cancer resistant strains, but the grow th was admittedly atypical, 
even so the appearance of an alveolar epithelium, which was in some 
areas showing secretory powers as the result of simple estrogen treat- 
ment, cannot readily be discounted m any estimation of the role of 
estrogens m the development of mammary tissue in this species Similar 
results were obtained by Bonser (6), while evidence was adduced by 
Burrows (8), who painted the skins of male mice with different estrogens, 
that small differences m chemical structure could lead to appreciable 
differences m the biological responses e\ oked This inv estigator detected 
alveolar growth in a proportion of cases on all treatments, but noted par- 
ticularly that estrone seemed to be mainly activ e in extending the duct 
system, whereas estradiol gave far greater alveolar development and had 
only a relatively slight effect on the ducts 

More uniform results have been given by w ork on the guinea pig, 
and following reports by earlier w orkers (52 63) claiming definite lobule- 
aheolar augmentation and development equal to that seen in pregnancy 
m ovariectomized females and m normal males as a direct result of 
estrogen treatment, Turner and Gomez (163) found that 20 R U of their 
pregnant cows urme preparation injected daily for 40 dajs into adult 
males caused a glandular response similar to that seen m a female preg- 
nant for 33 days Even injections of only 1 R U over a similar period 
gave clear indication of alveolar proliferation Similar results were 
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obtained Mith females Mhich had been spa3ed before pubertj These 
results were further supplemented bj the work of Nelson (108), who, like 
Laqueur and co-uorkers (63), was able to report complete de\elopment of 
the gland judged bj the spontaneous induction of lactation when treat- 
ment was curtailed, excellent corroboration was afforded b% his histologi 
cal studies 

Of the other animals inxestigated it is thought that the normal 
response of the rat and the rabbit may be deemed pnraarih one of duct 
growth, with a slight degree of lobule proliferation in some cases (160 
165), while simple duct extension is postulated for the cat and dog 
(158,164) As instanced m the case of the mouse however complete 
agreement among w orkers has rarely been achiev ed for any specie'? and, 
while some small part of the disagreement maj well be a'cnbed to differ 
cnees ofdosage, of the chemical nature or purity of the estrogen prepara- 
tions used, or the varjmg age of the eTperimental animals at the time of 
treatment, a sur\ ej of the literature suggests the participation of intnnsic 
factors, to be considered in due course in this review and of which our 
present knowledge is most inadequate 

First, howeier, and in further agreement with the instances of 
equivocal expenments already given we may note some conflict of 
opinion regarding the effects of estrogens on the mammary gland m 
primates In an undetailed report Turner and Allen (157) claimed 
lobule formation os the result of the long-continued treatment of a single 
normal male rhesus monkey This was confirmed bi Gardner and Van 
IVagenen (39), who also obtained similar development following a 
shorter injection period, in the case of one spayed immature female A 
similar female given prolonged treatment developed glands resembling 
those of normal pregnant animals m type, though rather smaller m sire 
Folley el al (22) on the other hand who abo used the rhesus monkey 
obtained less uniform results, only one of thirteen male monkeys and 
two of four ov anectomized females showing any alveolar formation m 
response to estrone injections, in these the response was only slight and 
rendered less significant by the pre^nce of a condition of gynecomastia 
with alveolar development, in one of a senes of five normal untreated 
males which was also examined The work provided some grounds for 
believing the female gland of this species to be more responsive to estro- 
genic stimuli than the male It is perhaps of significance m assessing 
these various observ ations that the experimental periods chosen by F olley 
and co-workers were either much shorter (up to two months), or much 
longer (one j ear or more) than that found fav orable for alv eolar dev elop 
ment in the male by Gardner and van Wagenen (six months) Gardner 
(33) has more recently reported complete morphological development m 
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joung male and female monkejs gi\en estradiol benzoate injections for 
penods of approximately eight months, and has also obtained an indica- 
tion of an inhibitory effect on mammary grow'th «hen the neeklj dosage 
exceeds 0 4 mg 

The recent discovery (15) of symthetic products chemically distinct 
from but biologically similar in their action to the natural estrogens and 
the production of these substances both cheaply and m quantity ha\ e led 
to an immediate extension of the mxestigatioos m%ol\mg estrogens to 
cover the major domestic animals of importance to the dairy industry 
Lewis and Turner (74,75) confirmed the power of diethylstilbestrol to 
act upon the mamm ary glands in \ery much the same way as do the 
natural estrogens when administered to mice, rats, rabbits and guinea 
pigs and it Mill be legitimate therefore for us to include studies mth this 
and similar symthetic products m our consideration of estrogemc influence 

de Fremery (29,30) had already reported mammary growth m the 
virgm goat following percutaneous mimction of the udder region with an 
ointment containing estradiol monobenzoate, and his results were con- 
firmed by Similar inunction experiments m which diethylstilbestrol was 
used as the actue substance (25,26) Administration of this synthetic 
hormone by injection in oU, by implantation (Fig 2), or orally has also 
caused mammary growth sufficient to maintam abundant lactation m 
this species (74,77,78) It is of particular interest to obserx e the success- 
ful use of an ovanectomized female m the experiments conducted by 
Lewis and Turner (77), as also m the first encouraging report of similarly 
mduced udder growth — inferred from the occurrence of lactation— -in the 
boxune (167) The implication that progesterone at any rate from an 
oi anan source, is not required for full glandular dex elopment m the^ tiro 
species will be more fully considered m due course Confirmatory en- 
dence of mammary growth m the bo\une following treatment with 
synthetic estrogens has smce been gi\en by Reece (128), FoUey and 
Malpress (23 24) Hammond and Day (50), and Parkes and Glo^ er (123), 
among others In all these reports the e\udence for lobular as well as 
duct growth cannot be open to doubt, both the resultmg measure of 
lactation in some cases equalling that of normal parous animals, and the 
macroscopic appearance of whole udder slices bearing clear witness to 
this end In most ca'ses, too, it seems likely that luteal influence was 
excluded since the oi anes were hypoplastic during treatment (23 50) 

A histological study by Alixner and Turner (101), howexer, has suggested 
that m virgm female goats the dex'elopment may not always be truly 
normal following diethylstilbestrol treatment, and in any case both 
goats and cows have shown wide mdividual \anations m response to 
estrogens, growth of udder tissue following the same treatment has 
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ranged from a complete absence of respo/we to the formation of full sized 
glands In manj cases it would seem that these two species offer a 
parallel to the complete mammary growth following estrogen stimula- 
tion w hich has been noted for the guinea peg a de\-eIopment that clearly 
cannot, without qualification, be explained on any simple theory whereby 
estrogens are held responsible for the promotion of duct growth alone 
It must howe\er be remembered (hat dieth\lstilbestrol, on which our 
main conclusions for the cow and goat are based may differ from the 





Fig 2 — Section through whole virgin goal udder showing glandular develop- 
ment following subcutaneous implantation of sjnthetic estrogen tablets (Scale 
ID centimeters ) 

natural estrogens m the abilitj to proliferate lobular tissue (77), a 
hypothesis that recedes support from the lobule formation observed by 
Mixner and Turner (101) as a result of diethylstilbestrol and estrone 
injections given to ovanectomized mice, and from the work of Burrows 
already quoted (8), but against which we may cite the mammary growth 
obtained b> de Fremery (30) in the virgin goat given injections of 
estradiol benzoate 

It will be useful at this point to consider experiments designed to 
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throw light on the role of progesterone in mammary tissue formation, 
before attempting to give any general conclusions on the relative impor- 
tance and significance of the ovarian hormones in the parenchymatous 
development of the gland The complementary relationship existing 
between the ovarian hormones in their action upon the uterus, as evi- 
denced by the proliferative and progestational phases of endometrial 
development is now deemed to have a near parallel in the associated 
phenomenon of mammary growth We have seen that only rarely does 
the fullest development of mammary tissue follow simple estrogen treat- 
ment in males or ovariectomized females, the guinea pig providing the 
only Hell attested case for uhich both alveolar and duct formation in 
similar amounts to that occurring in normal pregnancy can be regularly 
obtained The larger domestic animals seem to be subject to much 
individual vagary of response, a result which, were estrogens the only 
hormone needed for full mammary development, we should not a pnorz 
expect Attempts to develop alveolar growth by progesterone treat- 
ment alone, however, proved m vain m many species, and early optimis- 
tic reports by Nelson and Pfiffner (114), who claimed lobule development 
in male and spayed female guinea pigs, rabbits, and rats in response to 
injections of corpora lutea extracts, were later withdrawn (108) on suspi- 
cion that some estrogen had in fact been present in the relatively crude 
extracts used Turner and Schultze (165) injected lipide extracts of 
corpora lutea into castrated male and female rats and found no lobule or 
end bud formation results which were reproduced for the rabbit (160) 
and for the guinea pig (163), for the latter animal it was observed that the 
extract was ineffective even after a preliminary treatment with estrone 
An interesting yet anomalous result was that reported by Gardner and 
Hill (37) w ho found an extension of the duct system in male mice, both 
castrated and noncastrated, after injections of highly purified extracts of 
progesterone The presence of slight estrogen contamination, although 
unlikely in quantities sufficient to affect the result, was not absolutely 
excluded as a possibility This work has been extended by the observa- 
tions of Rlixner and Turner (98), w ho obtained lobule alveolar grow th in 
castrated female mice by injecting high doses (3-7 mg ) of progesterone 
alone Conflicting reports have been given by w orkers using the rat as 
an experimental animal and m the view of Selye (138) negative responses 
recorded earlier by himself and co workers (139), and by Astw ood et al 
(4) may be ascribed to the insufficiently large dosages given In his 
later work (138) as also in that of Reece and Bivins (129), 15 mg proges- 
terone given daily over a penod of ten days to mature ov ariectomized 
rats induced definite lobule alveolar development There is disturbing 
evidence, however, that the degree of proliferation might depend on the 
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time of aneclom> relatn e to the time of starting treatment, decreasing 
as this postoperatue period tncrea<%s (138) This would imply a po-^si- 
ble participation of residual unmetaboltzed and unexcreted estrogens m 
the positu e re^pon'^es Doses of a similar order given to mature o\ anec- 
tomited female rhesus monkevs for periods of approximate!} one month, 
haie also led to an inerea«e m the amount of lobule tissue present m 
biops} specimens (51) Further studies are clearl} desired both to 
confirm these results and to extend the use of these comparatu ely high 
doses of the purified hormone to the investigation of the proliferative 
power of progesterone when given alone in other species 

The occasional reference to (he inability of a preliminarj treatment 
with estrogens to prepare the gland for an active response to subsequent 
progesterone injectiona is in sharp contrast with the results obtained 
with simultaneous injections of these two hormones Here the reports 
hav e been most uniform altosiing to an alveolar response resultmgfrom 
tfm Aormonaf synergtsm <rrpt‘iTmposi'rf an (tie customary estrogen rfuct 
stimulation Turner and co-workers (158 loo 103,105), for the rabbit, 
rat, mouse, and cat, and Anselminort at (2) and MacDonald (87) forthe 
rabbit, have all helped to establish firm!} this s}nergistic relationship 
which results m the formation of glands veri similar indeed to those of 
normal pregnant animals, in (he else of the guinea pig m which estrogen 
alone can give full lobule formation, the supplementarj treatment with 
progesterone failed to alter the character of the ti«sue or to induce a 
more extensive development (lOS) 

More recently attention has been directed to the proportions m which 
the two hormones have to be given m order to achieve an optimal result 
In particular, L}ons and McGintj (83), Using male rabbits given a 
standard dail} dose of 120 I L estrone studied the effect of daily doses 
of progesterone varying from 0 25 to 8 I U S}nergi''m was maximal 
with 1 I U (t c , 1 mg ), although not product i\e of the full development 
to be observed m pregnant animals (Fig 3) Further expenments were 
therefore performed in which the progesterone dose was kept constant at 
this optimal lev el, but the estrone dosage \ aried from 30-960 I U daily 
(137) The best results, although still not fully equivalent to the 
proliferation in the glands of pregnant animals two to three weeks after 
conception, were given bj thm^e groups receiving 240 and 960 I U , but, 
as male animals were used whose glands were of course initially more 
rudimentarj' than m the female, it is probably that the development did 
repre'^ent verj closel} the natural conditions of mammary development 
for this species (Fig 4) A similar study in which ovanectonuzed virgin 
female mice were used has been reported by Mixner and Turner (98) 
With a constant daily estrogen dose of 133 I fj these authors observed a 





Fio 3 — Experimental development of the rabbit inammar> gland Figures repre 
sent approximately one half of a male rabbit mammary spread after eighteen injec 
tions given over a 28-day penod (X 1 5) Single injections 1 >ione 2 120 I U 
estrone 3 120 I U estrone and 025 I U progesterone 4 120 I U estrone and 1 
lU progesterone 5 120 I U estrone and 8 I U progesterone (From Ljons and 
McGuity 83 ) 

the two ovarian hormones required to evoke the fullest mammary 
response is of the same order for the mouse as for the rabbit Since the 
international unit of estrogens is equnalent to 0 1 pg estrone, we may 
regard the evidence from these two species as suggesting a proportional 
relationship of about 40 1 (progesterone estrone), by weight, for the 
best mammary development 

It IS of great interest, m view of the proportionality found necessary 
for effective synergism m mice and rabbits, to contrast the authors’ 
unpublished and as jet incomplete results on the simultaneous implan- 
tation of goats w ith progesterone and estrogen tablets, w ith similar work, 
m which the hormones were mjected, earned out by Mixner and Turner 


XV IIORMOWL CONTROIi OF MAMiUnV GROWXH 


711 



712 


S J FOLLEY AND F H MALPRESS 


(101) In the former experiments the gravimetric ratio of progesterone 
absorbed to estrogen absorbed was never m excess of 9 1, and more 
usually about 2 1 The estrogen used — hexestrol — has, like diethyl 
stilbestrol been \ anously computed to have a biological activity 2 5 
times as great as (15), or equal to (19), that of estrone, and, although as 
shown by Emmens (18) too much reliance should not be placed in com- 
parisons of one estrogen with another, since the relative activities may 
vary with the assay used or even the technique adopted, the possibility 
remains that the effective ratios were smaller still The highest mean 
daily absorption of progesterone for these animals was about 5 mg It 
IS perhaps not surpnaing, therefore, that no evadence of increased alv eolar 
development could be observed even after 100 days in those animals 
given the dual hormonal treatment, when compared wnth controls receiv- 
ing the estrogen alone Mixner and Turner (101) however were able to 
report development after sixty days corresponding wnth that of midpreg- 
nancy m goats receiving 20 or 30 mg of progesterone daily, and diethyl- 
stilbestrol sufficient to give a ratio of progesterone diethylstilbestrol of 
200 1 by weight The difficulty, when working with goats in such small 
expenmental groups, of ensunng adequate controls, having m mind the 
very wide vanations of response given after simple estrogen treatment, 
necessarily prevents any strict conclusions being drawn from these con- 
trasted results, but they do surest a possible uniformity m the quantita- 
tive synergism of the ovarian hormones in their effect on mammary 
grow'th m different species 

Using the semisjmthetic progestational hormone— pregnenmolone or 
ethmyltestosterone — together with estrone, Mixner and Turner (96) have 
demonstrated a synergism for mammary growth m spayed^ female mice 
V ery similar indeed to that shown by the natural hormone itself There 
have recently been other reports too, indicating that progesterone is not 
even the only naturally occurnng hormone which may develop the 
lobule-alveolar system In particular the involvement of the steroid 
adrenocortical hormones must be considered a real possibility, and fur- 
ther w ork in this field is urgently required A relationship between the 
adrenal cortex and the mammary gland had been inferred by some authors 
as the result of clinical observations on the association of cortical tumors 
in the male w ith gynecomastia, but no expenmental studies w ere available 
until van Heuversw^yn et al (54) obtained extensive duct growth m 
unoperated or castrated male mice, following the injection of 4 0 mg 
desoxycorticosterone acetate on alternate daj s over a period of sixteen 
days The response was greater than that given by estradiol benzoate 
given similarly m daily doses varying from 0 016 to 0 666 mg No 
lobule alv eolar growth was recorded by these authors Nelson ei al 
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(111) ha^e reported mammary gronth m young male guinea pigs after 
similar injections, and since lactation started in some cases ivhen treat- 
ment Mas stopped we may reasonably infer that alveolar tissue had been 
formed Speert (146) also found active lobule-alveolar growth in the 
glands of two adult ovanectomiied rhesus monkeys given daily 10 mg 
desoxycorticoslerone acetate for 13 and 24 days Five mg given daily 
for 30 days failed to stimulate growth m a third monkey, however 
Mixner and Turner (99), comparing the power of various steroid sub- 
stances to produce lobule aUeolar growth in virgin ovanectomiaed mice 
given supplementary estrogen treatment, rated desoxycorticosterone 
acetate to be one third as active as progesterone, and also noted that 
acetoxypregnenolone — another related steroid — had approximate!} one 
sixteenth of progesterone s acti\ ity Ueporls on the effect of adrenalec- 
tomy on underfed (9) and normally fed (133) rats given sodium chloride 
therap} ha\e agreed in part Thus increased growth compared with 
glands from control animals was observed insofar as the number of 
lateral and end buds were concerned, though the area of the glands was 
affected only in the first-mentioned experiments The mechanisms 
responsible for the«e changes are m doubt, though direct ovarian inipbca- 
tion would seem unlikely since the same changes were seen m normal- 
adrenalectomized and 8pa}ed-adreDatectomized animals In a more 
recent investigation Cowie and Policy (13) have failed to confirm this 
proliferative effect of adrenalectomy m fact the mammary gland area 
was significantly decreased by the operation 

Leaving aside any question of pituitary mammogenic activity, which 
according to modem theories depends on preliminary evocation by 
ovarian and possibly other related hormones, we may fairly assess con- 
trol of mammary grow th as originating in ovarian and adrenal relation- 
ships It will be evident that any attempt to form a concise theory of 
this development will be baffled by two recurrent observations first, the 
variation among «pecies encountered in the expenmental growth of the 
gland, ranging from the mouse, which apparently requires both estrogen 
and progesterone for the development of a potentially secretory paren- 
ch}ma, to the guinea pig for which estrogen alone has been deemed 
sufficient , and second, the vanation within species, for examples of which 
we may instance the alveolar development followong estrogen treatment 
m certain strains of mice, and the very wide differences m the mammary 
response of heifers and cows given simple exogenous estrogen applica- 
tions On the other hand, certain facts regarding the hormonal regula- 
tion seem to be cardinal for almost all the mammals which have been 
relatively intensively studied Chief among these we may note the 
ability of estrogens to cause, at least, an extensive duct growth— though 



714 


S J FOLLET AND T H M4LPRESS 


the inability hitherto to increase in any marked degree the gland of the 
male goat by such treatment must be recorded as an exception (30,77) — 
and the probable power of estrogen and progesterone, proMded they are 
administered simultaneously and in the correct proportions, to ensure a 
full mammary development in normal or ovariectomized females, as also 
m the males of most species investigated Here again we must cite the 
e\ idence that the guinea pig gland can proliferate fully w ithout any 
intervention of progesterone at all We are therefore posed with the 
question do true species variations exist m the qualitative hormonal 
influences required to form the mammae of different animals — a theory 
which may most easily explain observed experimental data, but which 
on purely a pnort grounds might well be unconvincing — or might there 
be an alternative hypothesis whereby common hormonal factors are held 
responsible for duct and alveolar growth, respectively, whatever the 
species and a concordancy of the established results is sought on the 
basis of quantitative rather than qualitative differences? 

The arguments m fav or of the first \ lew may be fully appreciated by 
any direct reading of the experimental inconsistencies to be observed m 
reports relating to different species and it is the possible alternative that 
we shall consider here 

A warning was first sounded by Folley (21), who pointed out that, 
since the isolation of progesterone from a concentrate of ox adrenal glands 
by Beall and Reichstein (5), none of the experiments purporting to have 
obtained ah eolar dev elopment in males and immature or o\ anectomized 
females as the result of estrogen treatment alone could in fact be inter- 
preted with certainty in this way The realization that at least one of the 
adrenocortical hormones — desoxy corticosterone — also has very pro- 
nounced progesterone like properties in its action on the mammary gland 
has further focused sttention on the adrenal cortex as an alternative 
source of hormones stimulating lobule-alveojar proliferation It is 
interesting too to note the excretion of pregnanediol by rabbits after 
injections of desoxy corticosterone acetate (55), and the later report of a 
similar conversion m man and the chimpanzee (56) The intermediates 
m this change remain hypothetical but it is not impossible that some of 
them might also pos'iess and be of sufficient permanence in the tissues 
to exert progestational powers Similar biologically active substances 
could be envisaged as arising in the anabolism or catabolism of the other 
steroid cortical hormones, our knowledge of steroid metabolism is, how 
ever so small at the present time that we cannot with any confidence 
assume that the metabolic pathways are the same for all species, or even 
if this should be so that the rates of conversion and destruction have any 
species uniformity Reports of the progestational activities of adrenal 
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extracts from horses, cattle, and pi^ ha^e been recorded (10,20) It 
Mill be readily appreciated, therefore, that progesterone itself can no 
longer be considered a specific hormone for the mediation of alveolar 
groM th, G\ en though the e\ idence is still stronglj m faN or of its premier 
role m this respect but that the adrenal gland must be henceforth 
regarded ns ha\mg &upplomenliry pouers m this function This con 
ception immediate^ suggests a possible explanation for the mterspecies 
differences found in experimental studies since qiiantitatne xanations 
alone m the amount of progesterone like substances produced by the 
adrenal cortex in different species could presumably condition widely 
di\ ergent mammarj responses to simple estrogen treatments Further 
studies on the metabolism of the adrenal steroids and on the biological 
properties of intermediarj substances especially if undertaken with a 
Mew to the comparatiae biochemistrj of these changes should greatly 
clarifj the confused picture which has until recently been presented by 
the hypothesis of simple oianan control of mammary hyperplasia and 
might poasibly establish a complete absence of lobiile-alseolar activity 
on the part of estrogens for all species These considerations will of 
course be unaffected by aoj conception of pituitary participation in 
mammary growth provided such mediation is itself under ovarian 
control 

Since It would seem from various studies already quoted that the 
estrogen progesterone like substance ratio has to fall within certain 
defined limits for optimal synei^ism the path and rate of metabolism of 
estrogens, and of their excretion might also account for response vana- 
tions among species Here again our present knowledge of metabolic 
changes IS far from complete though recent work would seem to show 
that the pathways and excreted products may well vary among species 
(150), and also within species depending on the presence or absence of 
other hormones, amount of estrogenic hormone present, and other 
fluctuating criteria (see reviews by Doisy el el , 10 and Pmeus and 
Pearlman, 126, for admirable and recent summaries) We can 
therefore carry our argument one stage further, to afford a reasonable 
explanation of the mtraspecies \ anations obtained by different workers 
using different strains of the same laboratory animals, or by all workers 
in their own experiments when using the larger domestic mammals 

For, where two factors, the metabolism of both the endogenous 
and administered hormones m their qualitatuc as well as quantitative 
aspects, are unknown, and the potential supplementary endogenous 
progestational activity of the adrenal gland is a matter of pure con- 
jecture, umformitj of respon'« will probably not readily be obtained 
by uniformity of treatment, it is perhaps m accord with this view that 
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undoubtedly the largest mtraspecies \ ariations so far recorded ha\ e been 
those found following estrogenic treatment of the larger mammals — cows 
and goats — whose widely different potentialities under normal conditions 
are frequently suspected, at least in part, to be hormonal in origin The 
prolonged hjpoplastic condition of the bovine ovary under estrogen 
stimulation (23) will of course make extraovarian sources of progesterone 
of supreme importance, and de'jpite the presence of ovaries in the treated 
animals a condition tantamount to ovariectomy is m fact impo'^ed 

IV The Anterior Pituitary Gland and Mammary Growth 

Probably the most lively interest at the present time in connection 
with the endocrine control of the mammary' gland revolves round the 
role of the pituitary and the controversial question of the existence of 
specific mammogens secreted by this gland It would be premature in 
the present state of our knowledge to attempt any definite statement, but 
we may recognize three distinct viewpoints in favor of which evidence 
exists, and for which further confirmation is still being sought These 
are, first, the mammogenic theory propounded by Turner and collabo- 
rators (73,101), which claims that the ovanan hormones, although 
essential for the grow-th of the gland, do not exert their effects directly, 
but indirectly through the mediation of the anterior pituitary gland It 
is held that the pituitary, following stimulation by estrogens and proges- 
terone, secretes specific “mammogens” of its own, which are in fact the 
hormones acting directly on the undeveloped mammary structures 
Two mammogens are postulated, one evoked by estrogen stimulation 
and known as the “duct growth factor,” the other by progesterone and 
related substances, or estrogen and progesterone together and known as 
the “lobule-alveolar growth factor” It will be clear thxt this modern 
hypothesis, if accepted, will in no way render invalid the earlier work on 
the mammary function of the ovanan hormones, but that these sub- 
stances will retain their fundamental importance as primary agents of 
growth Secondly there is the more con'servative attitude which holds 
that those who support the mamroc^nic theory have failed to sustain 
their claims by clear cut expenment, and that ill effects so far observed 
are explicable on the basis of direct ovanan control, and lastly' there is 
the intermediate view (131), more recently expressed, which attributes 
growth to a synergistic relationship between the ovmm hormones and 
pituitary mammogens 

It mav be that species differences, age differences, and like factors 
may here again be basically responsible for much of the disagreement 
among the results of separate groups of workers Recent expenments 
on the effects of steroids on the mammary glands of hypophy sectomized 
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rats by Leonard (67) and Smithcors and Leonard (145) may be inter- 
preted as indicating that the age of the experimental animal, both 
absolute and relatn o to the time of hjijophysectomy, may greatly affect 
the results obtained, but it seems more likely that confusion arises from 
problems of experimental technique and m particular the fact that most 
of the cntical experiments to test the imolvemenfc of the pituitary 
necessarily demand the use of h> pophysectomized animals In such 
work the danger of incomplete hypophysectomy presents a \ery real 
difficulty Gomes c/af (46) haie shown that, m the presence of residual 
fragments amounting to such a small total ns 2% of the excised gland, the 
mammary response of hypophy«ectomiied male mice following estrogen 
treatment could be changed from a negative to a positive response essen- 
tially the same as that found in intact animals similarly treated Sub- 
stantially the same results have been reported by Gomez and Turner (44) 
for the guinea pig, rat, rabbit, cat, and ground squirrel The authors in 
consequence stressed the danger of interpreting positive responses in 
hypophysectomued animals treated with estrogens as evidence of an 
absence of pituitary mediation m mammary growth changes, unless a 
ngorous postmortem histological examination of the sellae luretcae of the 
experimental subjects had established vvith certainty the thoroughness 
of the operation 

Further, it is well known that hypophysectomy necessarily involves 
other changes m the experimental animal affecting its general well-being 
and its fundamental endocrine relationships, so rendering it m many 
respects abnormal As a result of this, and m contradistinction to the 
attempts to altnbute the positive responses of hypopbysectomized 
animals following estrogen treatment to incomplete hypophysectomy, 
some workers have adduced evidence that, m completely hypophysec- 
tomized animals, negative respon*»e8 to estrogen may be due to general 
depressive effects of the operation, such ae a lowering of the plane of 
nutrition Astwood el al (4) tested this possibility by injecting two 
groups of intact young rats with estrone for a period of fourteen days, 
one group was placed on a restneted diet, approximating that consumed 
by hypopbysectomized animals, so that weight was lost throughout the 
experimental period, while the other group w as fed normally and gamed 
weight The latter group showed a typical extension of the duct tree 
following treatment, comparable growth was not seen in the case of the 
poorly fed animals The authors suggested therefore that the arrest of 
body growth following hypophysectomy might explain the observed 
failure of estrogen to prevent the regression of the mammary gland 
encountered under these conditions m the immature rat Nathanson 
et ol (106), developing this theory, found that hypopbysectomized rata 
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treated postoperatively and simultaneously with estradiol benzoate and a 
pituitary groivth complex preparation which was itself inactive mammo- 
genically, showed graded mammary responses which directly paralleled 
the weight increases following the operation, but, since, even so, the 
degree of development never approached that given by intact animals 
treated with estrogen alone, they were inclined to assign some mammo* 
genic activity to the hypophysis itself, despite the clear “nutritional” 
effect Samuels et al (136), on the other hand, in experiments in which 
the weight of hypophysectomized rats was maintained, not by injections 
of growth hormone but by forced feeding coupled with desiccated thyroid 
administration, failed to demonstrate any such connection between the 
plane of nutrition and mammary development, they concluded that 
Nathanson et al had achieved their results solely by virtue of some 
factor, present in the pituitary extract they used, having either mammo- 
genic activity or an essential metabolic function evinced only m the 
presence of estrogens Trentin and Turner (153) have observed an 
inverse relationship between the food intake level of normal male mice 
and the amount of estrogen required to produce a minimum duct growth 
response They interpret this, in the light of other known depressive 
effects of inanition on the secretory activity of the pituitary, as indicating 
pituitary participation in ovarian mammary relationships Their con- 
tention, however that, if the action of estrogen on the mammary gland 
were direct the response would, if anything be increased by inanition, is 
based on the imperfect analogy that inanition may lead to a heightened 
sensitivity of certain pituitary controlled glands to hormonal stimuli, 
and must be regarded as most dubious 

Finally attempts at replacement therapy by different pituitary 
fractions have all too frequently involved difficulties of interpretation 
and comparison owing to the variable or even uncertain composition of 
the extracts used, and the (rippling doubts in any case regarding the 
reality of their mammogenic potencies 

It will be clear therefore that attempts to bolve the riddle of pituitary 
mammogenic function are fraught with difficultv and rarely permit any 
conclusions which can be accepted without some reservations In par- 
ticular, the imperative need for checking the thoroughness of pituitary 
removal in experiments involving hypophyseotomy may be deemed to 
throw a cloud of suspicion over much of the carlv work m this field, 
which remains one of speculation for the scientist and will probably 
require some additional, new experimental approach before its enigmas 
are fully solved 

The conflicting evidence accumulated from the attempts to determine 
the action of ovanan hormones, particularly estrogens, on the mammarj 
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glands of hypophj sectomized am mala, and theeffects of pituitary implants 
and extracts on normal and hypophyscctomized animals has been ablj 
m lewed by se\ eral authors (21,107,156) More recent reports m which 
these methods have been used have failed to clanfj the problem as may 
be seen by reference, for example, to the work of Reece and Leonard 
(131), who were unable to stimulate any mammary development in 
hyT) 0 phj sectomizcd rats treated with estrogen alone and to the impres 
sue study of Frednkson (28), who using hy^pophy sectomizcd rabbits 
found that treatment with estradiol monobenzoate and progesterone 
caused just as much glandular development, both of ducts and alveoli, 
as could be expected in normal rabbits similarly treated thus fully con- 
firming the earlier work of Asdell and Seidenstem (3) on this species 
An important step in the history of this investigation was taken when 
Gomes el al (47) reported that, if male hy pophy^ectomired guinea pigs 
were each given an implant of one male rat pituitary daily for twenty 
daj-s, extensiv'e alveolar dev'elopment could be produced comparable 
with that given by injections of estrone into normal guinea pigs, pro- 
vided only that tho pituitary implants were obtained from rats previously 
injected themselves with estrogen This work, apparently providing 
positive evidence of a pituitary factor essentia! for mammary develop- 
ment and formed as a result of estrogen stimulation, prov ided the germ 
of the maramogemc theory The authors distinguished it from the 
lactogenic, thyrotrophic, and adrenotrophic hormones, preparations of 
which, under similar conditions, had failed to give any commensurate 
mammary responoo (44) Confirmatory evidence was produced (45) 
when duct and alveolar growth were stimulated in immature spayed 
female rabbits and rats by injections of fresh pituitary matenal obtamed 
from cattle in the first half of pregnancy Simdar injections of pituitary 
powder from nonpregnant heifere failed to stimulate such growth, agam 
there seemed therefore to be an interdependence between the production 
of “mammogens” and the ovarian hormones Since the latter expen- 
ments were conducted using ovsnectomized animals as the test subjects, a 
tentative conclusion could also be drawn that the action of mammogens 
jvD iRo TnoTTiTTinw ylnnd WAS Unaided and did not involve anjy s,vnerj;tstie 
relationship with ovanan steroids Howeirer, these results have not 
been unfailingly reproduced by other workers, Nelson (109), for instance, 
usmg hypophyscctomized female rats and adult male mice obtained the 
same mammary growth following implantation of pituitanes from 
untreated rat donors, as he did from those of estrogen pretreated animals, 
while Reece and Leonard in similar experiments (130), also reported the 
same degree of dev elopment m both cases The latter authors supported 
the claim for the existence of a specific hypophyseal mammogenic hor- 
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mone on the grounds that their implanted animals always showed a 
greater mammary development than unimplanted hypophysectomized 
controls 

Seeking to de\elop their mammogen theory, Turner and colleagues 
formulated an assay technique for their duct growth factor — mammogen 
I (73) Normal male albino mice were found to give a suitable biological 
response to subcutaneous injections of fresh macerated antenor pituitary 
tissue taken from pregnant cattle, in\olvmg the appearance of thick 
ducts with side branches and large club-like end buds On the basis of 
these obser\ ations a mammogenic mouse unit w as defined as the amount 
of tissue or extract, gi\en subcutaneously once daily for six successive 
days, which would produce definite signs of development in one or more 
glands of 50 + 10% of a minimum of ten male albino mice weighing 
15-25 g , the glands being remo\ed on the seventh day In its present 
form, howe\er, the absence of a clear increase m the percentage of posi- 
tive responses attendant upon an increase in dosage must be regarded as 
an unsatisfactory feature of the test, and it seems inadequate to explain 
a decreased response at higher levels by reference to the established and 
supposedly parallel stunting effect of large amounts of estrogens on the 
mammary gland In the latter case we are considering an over dosage 
beyond the limit of positive biological response, m the former the 
apparent inability to reach even a threshold value in the case of about 
40% of the mice iD\oUed m a given test It is, in any case, confusing to 
compare the varying effect that an increasing dose of a substance may 
have on individual animals with the fluctuations in the percentage 
evocation of response m a group of animals The possibility of refrac- 
toriness in some of the mice seems more plausible, or indeed that endo- 
genous factors are mfluencmg the assay to a variable extent in different 
individuals With the aid of the assay method an increase in the mam- 
mogen I content of cattle hypophyses during the first half of pregnancy 
was demonstrated, and values were also obtained for the hypophyses of 
nonpregnant cattle, for pregnant rabbits, and male rabbits pretreated 
with varying amounts of estrone Since in many cases, however, the 
stringent conditions of the assay appear to ha\ e been disregarded and 
only the merest approximations to a correct ^alue obtained — deduced 
questionably from responses falling outside the 50 + 10% range, and 
from test groups of less than ten mice — further w^ork will be required 
before the findings can be accepted without reserve 

Attempts to identify the mammogen duct growth factor with any 
of the knowTi pituitary principles ha-ve met with little success Interest 
has mainly centered around possible associations with the growth hor- 
mone or lactogenic fractions, and the results of Nathanson el al (106) 
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already quoted might be construed as ev ideace in fav or of participation 
of the growth hormone in mammogenic responses in synergism wTth 
estrogens Reece and Leonard (131) also found that for the hypophy- 
soctomired rat the growth hormone preparation used seemed to supply 
the necessarj substance enabling the mammary glands to respond to 
estrogen treatment Gardner and A\ hite (40) on the other hand have 
demonstrated mammary growth in hjpophjsectomized male mice 
following the simultaneous injection of estrogen and purified prolactin 
preparations, and Gome* (42) also was able to report extensive duct 
growth in hj-pophiscctomized castrated guinea pigs pro\ ided the treat- 
ment w ith prolactin and estrogen was sufiiciently prolonged and the dose 
of pituitarj principle sufficiently high He was inclined however to 
attribute the response to distinct mammogenic factors present in his 
prolactin preparation Supplementary data accrued from this and other 
work in which pituitary extracts were used showing that the significant 
amounts of other pituitary hormones frequently present were ineffectne 
in causing any mammary proliferation Gardner and Wliite (41) how 
oxer, using hypophysectomized male mice reported contrary to most 
other workers «omc mammogenic activity resulting from concurrent 
injections of estrogen and a piUntary extract hav ing marked adrenocor 
ticotrophic activity The “lactational growth observed by J yons (80) 
and restricted to those sectors of proliferated lobules which he directly 
injected with hetogeme hormone preparations has been more fully 
considered in the next chapter but should be noted in the present 
context 

The claim that the pituitary duct growth factor, unlike other hor 
mones from this gland rv soluble in fat solvents (72 73), has more recently 
been reinvestigated It is now believed (151) that the factor docs indeed 
resemble other pituitary principles in that the activity after extraction 
of the fresh glantls resides in the protein fraction The significance of 
much w ork published on Iho mammogenic properties of liptde extracts 
of pitmtarics is now therefor© rendered of small account Creep and 
Staveley (48) first drew attention to the error of attributing duct growth 
powers to hpide extracts when, using such solutions obtained from cattle 
pituitanes which were themselves able to induce duct growth and end 
bud formation in spayed and hypophyscctomized immature female rats, 
they found that the mammogenic activity of the original whole tissue 
had not been extracted, but m great part was still present m the tissue 
residues 

It will be appreciated that, in view of the discrepancies and general 
lack of agreement bearing on fundamental aspects of the mammogen 
theory so far as it relates to the duct growth factor, any premature 
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dogmatism regarding its postulates must be dangerous It remains a 
pressing field for further research particularly for the revision of assay 
techniques and the better characterization or isolation of the active 
principle 

The literature concerning mammogen II, the lobule-alveolar growth 
factor, has been reviewed by Mixner and Turner (101) A preliminary 
report (93) demonstrated the ability of injections of fresh anterior 
pituitary material from cattle to cause lobule-alveolar groirth m young 
ovariectomized virgin female mice Development akin to that seen m 
pseudopregnancy was obtamed in some cases A tentative but unsatis- 
factory assay technique was developed using spayed virgin mice as the 
test animals (94) They were injected under specified conditions mth 
the pituitary material under assay, but the alveolar responses were 
irregular and the method was superseded by one m which the pituitary 
injections were given with simultaneous estrogen administration In its 
final form (101) the test still makes use of the nulUparous spayed mouse 
iveighmg between 12 and 18 g as assay animal, which is injected sub- 
cutaneously once daily for ten days with the material on test and with 
7 6 I U of estrone Glands ate removed on the eleventh day, and a 
mouse unit is defined as the total amount of material required per mouse 
to ensure lobule-alveolar growth, comparable with that of glands taken 
from mice four to eight da3^ pregnant, in 50 ± 10% of a group of ten 
test animals Under these revised conditions the test is far more sensi- 
tive and a clear relationship exists between the dose of pituitary material 
injected and the percentage of positive responses obtamed A parallel 
is thus offered to the proportionality shown when graded doses of proges- 
terone and some other related compounds are given, together with 
estrogen, in place of the pituitary injections (94) — circumstantial evi- 
dence that the lobule alveolar factor is secreted as a direct result of 
progesterone activity An attempt to explain this sensitizing action of 
estrogens within the framework of the mammogen theory has led to the 
suggestion (98) that it might be due to an accessory and direct action of 
the estrogen on the stromal tissue of the mammary gland, whereby an 
increased \asculanty and hyperemia is caused, leading to a greater 
permeabihty of the blood vessels and a heightened mammogen concen- 
tration in the region of the developing parenchyma This view is sup- 
ported by the demonstration of a similar function of estrogens in other 
fields — e g , the hyperemic reaction of the uterus (53), or the sexual skin 
of monkeys (11) It was also thought that estrogens might, in addition, 
have a special direct sensitizing effect on the mammary gland which 
would make it more responsive to stunulation by mammogenic factors 
There is evidently a close connection between the ability of estrogens to 
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enhance the effect of the lobule al\eolar /actor an jntart nuce and thejr 
action in promoting an increased duct response to various pituitary 
preparations in hj pophi-sectomised mice (40), and the alternative possi 
bihty that m both cases it is the pituitary preparation which is sen- 
sitising the mammarj gland to the direct action of estrogens must not 
be o%erlooked 

An attempt to characterize the lobule alveolar factor has shown that 
it IS probably protein in nature but distinct from the lactogenic thyro 
trophic, and gonadotrophic hormones (92), though this report must be 
considered m its relation to the e\ idcnce presented by L> ons (81) on the 
ability of purified lactogenic hormone preparations to maintain a normal 
duct sjstem with a few aUeoIi m hjpophysectomized female rats and of 
crude lactogenic preparations (containing also adrenotrophin and growth 
hormone) to cause an incomplete lobule alveolar development m similarly 
operated animals No other data are available to tost its relation to the 
growth, adrenotrophic, or mammary duct growth hormones In view 
of the possibility of adrenocortical hormone participation in lobule 
alveolar growth, some measure of the adrenocorticotrophic hormone 
content of pituitary preparations assayed for mammogen II activity 
would clearlj be of interest m order to establish that pituitary lobule- 
alveolar actuitj is not m fact an indirect function of the gland mediated 
by the cortical steroids This view receives some support from the work 
of Cowic and Tolley (13) showing that improved duct and alveolar 
dev elopment follows the treatment of castrated male rats wnth ox anterior 
pituitary extracts prov ided only that the adrenal glands are not removed 
Ko difference m the responses of ndtenalectomircd and nonadronalec 
tomized female rats given similar treatment was observed however 
That the alveolar growth is not caused by the presence of progesterone 
m the anterior pituitary extracts has been shown by Trentm el ol (152) 

We may note in this connection that since duct growth has been 
observed in normal and castrate male mice follownng treatment with 
progesterone alone (37), adrenal participation might also be contributory 
to positiv e responses m the mammogen I assay 

An intereslmg application of the mammogen H assay was reported 
by Mixner and Turner (97), which might seem to offer independent 
evidence of the validity of the mammo^nic theory An increase of 
10®C from 25“ to 35® m the temperature to which the mice were subjected 
dunng assay was found to cause a great decrease m the response to 
injections of progesterone and estrogen, whereas the response to pituitary 
extract and estrogen was unaffected The authors interpret these 
results as indicative of a decreased ability of the mouse pituitary to 
secrete mammogen II in response to progesterone stimulation at the 



724 


S J FOLLEY AND F H MALPRESS 


higher temperature It is a pity, however, that the percentage positive 
responses at the lower temperature — progesterone treatment, 51 7, 
pituitary treatment, 86 7 — were not more nearly comparable 

The large body of facts now accumulated having relevance to the 
mammogen theory permits no final statement to be made of its validity 
One might hope for further enlightenment to be shed on this rather con- 
fused picture if experiments were conducted on assay animals subjected 
to adrenalectomy before pituitary preparations were tested Particu- 
larly difficult to explain by the tenets of the mammogen theory are the 
many instances reported of localized glandular development following 
inunction of single mammae with ointments containing estrogens 
MacBryde (86) noted greater growth in human breasts so treated com- 
pared with the contralateral control breasts treated with the ointment 
base only Confirmatory reports were published by Lyons and Sako 
(85), who, using young male rabbits, noted greater duct growth in the 
estrogen-treated glands, in one case, although the same differential 
growth effect was found, the control gland too had developed to a certain 
extent, presumably indicating a better absorption of the estrogen m this 
animal or alternatively a greater sensitivity to the hormone (Fig 5) 
Speert (147) and Chamberlin et cl (II) have demonstrated identical 
effects for young male monkeys, the latter authors drawing attention to 
their resemblance to the localized responses following the application of 
estrogens to the sexual skin of Macaca mulatta The use of gonadec- 
tomized male and female guinea pigs (110) has showm that m this species 
too, unilateral growth follows unilateral percutaneous administration of 
the hormone 

In view of this general agreement regarding the action of locally 
applied estrogen m normal or castrated animals, the observations of 
Leonard and Reece (70) on the effect of similar treatment given to 
castrated, hypophysectomized rats are of great interest in their bearing 
on the validity of the mammogen theory In no case m which hypophy- 
sectomy was complete was anv mammary grow'th seen m the estrogen- 
muncted gland or its control, a fact clearly arguing some pituitary 
involvement Rats weighing, apparently, about 100 g were used in 
these experiments and treatment was delated for three weeks following 
the operations, it would be interesting, in consequence of a later report 
(67), m which a greater response toestro^n injections in seventy-day-old 
rats was demonstrated when trratinent was begun immediately after 
hypophysectomy rather than at the end of a postoperative recovery 
period if the work could be repeated observing these more favorable 
conditions 

The suggestion that a local hyperemia ip those glands muncted with 
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cMrogen conditions the differential response in normal animals baa been 
put forward by Lewis cl al (71) and by Mixner and Turner (98) to 
explain llie unilateral effect They point out that mammogen I was 



tlG 5— Mammary glands from Wt (135) and right (2,4 C) sides of three male 
rabbiU I^ft glands inuncted tor 2a-d8y periods wUli estrone in sesame oil, right 
glands inuncted over the same periods a ith sesame oil alone (X 1 5) (From Lyons 
and Sako, 85 ) 

found present, at least in cittle hypophi'ses, at all stages studied and 
that a local hyperemic condition nught allow an enhanced effect of the 
mammogen, leading to more pronounced hyperplasia of the treated 
gland If this W'ere so, nibefiwuents othw than estrogen might also allow 
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increased mammogen activity when applied percutaneously; but attempts 
to demonstrate this using turpentine have so far been unconvincing 
(76,95) 

It IS clear that the results of unilateral stimulation, while difBcult to 
reconcile with the theory of direct mammogen stimulation on the normal 
unsensitized gland (Fig 6A), harmonize better with the view that 
mammogens act directly on the estrogen sensitized gland (Fig CB), and 
perhaps best of all ivith the view that growth follows direct estrogen 
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I'm 6 — Diagrammatic representation of possible interrelationships between 
ovarian and anterior pituitary hormones in the control of mammary growth M 
mammary gland P anterior pituitary O ovary For explanation see text 
trophic hormonal pathways 
“sensitizing hormonal pathways 
possible trophic hormonal pathway 

action on a gland sensitized by some pituitary factor, for uhich “mammo- 
gen’' would scarcely be an adequate name (Fig 6C) Whether or not 
the secretion of such a pituitary-sensitizmg factor depends on estrogen 
stimulation of the pituitary would not affect the last interpretation of 
these facts 

This synergistic, or “sensitizing” concept of ovarian hypophyseal 
interrelationship was first clearly enimciated by Reece and Leonard (131) 
as the most satisfactory interpretation of their own results, which 
showed that while growth hormone administered to hypophysectomized 
male rats would stimulate slight duct development, the simultaneous 
administration of estrogen greatly increased the effect The enhanced 
activity following estrogen treatment was accompanied by an adverse 
effect on the body weight of the rats, and m consequence the authors 
w ere unable to attach great significance to merely nutritional factors, and 
inclined rather to the view that “ either estrogen facilitated the 
mammogenic effect of the growth hormone or that the grow'th hormone 
facilitated and w as responsible for the effect of estrogen ’ Remembering 
also Leonard s observ ation (67) on the ability of estrogens to stimulate 
mammary growth in hypophysectomized rats only when injections are 
begun immediately after hypophysectomy, it becomes still more likely 
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that pilujtarj m%ohement mmnminar> growth is a matter of inducing a 
«!ensiti\c condition in the unde\elop^ parenc)nma rather than one 
wherebj the secretion of specific mammogens directlj, bj themsehes, 
causes an extension of tissue structures The gland maj thus be “poten- 
tiated by pituitarj factors, rattier tfian “dcieJopcd by mammogens," 
such potentiation comprising an induced abilitj to respond to estrogenic 
substances \\ hether this ability is whoHs dependent upon presensitiza- 
tion b} the pituitary is not yet clear though the literature on the use of 
hjpophysectomizcd animals in studies on mammary growth would sug- 
gest that It IS so and that positue results following estrogen stimulation 
m such animals — where they cannot be explained by other factors 
already mentioned — may be due to an incomplete di«ipation of the 
sensitizing effect at the time estrogen treatment was begun In par- 
ticular the power of \eiw small traces of residual pituitary tissue m 
incompletely operated animals to allow normal growth m re«pon«e to 
estrogen treatment (40), is more plausibly explained by ascribing fo the 
fragments the function of maintaining an already existing potentiating 
effect upon tho mammary gland rather than that of producing under 
estrogen stimulation sufficient “mammogen to proi ide a normal mam 
mary response by direct hormonal action Lewis and Turner (73) have 
reported mammogcnic actixity m cattle pituitanes at all stages of the 
animals’ growth, exen when no glandular dcxclopmcnt is taking place 
Possibly this anomaly could be explained by more rapid destruction of 
the circulating mammogen at certain periods when mammary growth is 
not taking place by a mechanism prexenting mammogen release from 
the pituitary at these times or by the lack of sufficient estrogen to sensi- 
tize the gland to mammogen actnity, but it may be doubted whether 
these explanations are as satisfactory as those based on the theory of 
sensitization by the pituitary For m the latter theory pituitary media- 
tion IS of itself latent only becoming apparent in the presence of estro- 
gens, w hile the mammogen theory' presupposes a hormone, or hormones, 
which if present could induce all the growth changes in the absence of 
other aid 

On the other hand it is difficult to cxpfam the absence of response in 
rats weighing more than 70 g and gixen estrogen immediately after 
hypophysectomy (07), by reference to the "sensitization” theory, 
though It may well be merely that the rate at which the potentiating 
effect disappears is linked w ith the animals' general de\ elopment It is 
knowTi for instance that for mice (32) •successful estrogen treatment may 
be delayed for a longer period following hvpophysectomy than is the case 
for rats It is also of mtcre-=t to note that definite phases may be dis- 
tinguished in the young intact rat regarding its maminsn response to 
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estrogen, and that for the first two weeks of life estrogen has no demon- 
strable effect (4) 

Smithcors and Leonard (145) have shown that for progesterone, too, 
although mammary stimulation followed treatment of the hypophysec- 
tomized rat, it was not optimal and only occurred if treatment began 
immediately after the hypophysectomy Combined estrogen and 
progesterone injections induced greater growth than either hormone 
alone m animals given immediate treatment, but grow th never reached 
that shown by normal animals Gardner (32) also has reported mam- 
mary growth in hypophyseetomiaed mice following treatment with 
progesterone, and observed improved stimulation when progesterone and 
estradiol dipropionate were given simultaneously Identical results 
were obtained when progesterone was replaced by desoxycorticosterone 
acetate in the latter experiments, in both cases the hormone, or combina- 
tion of hormones, being administered for periods of 12-15 days and from 
1-89 days after the hypophysectomy In the absence of estrogen, how- 
ever, the mammary response was uncertain and only found m a small 
proportion of the subjects (progesterone 1 in 4, desoxycorticosterone 
acetate 2 in 7), and, m view of the entirely negative results of Chamorro 
(12) for adult hypophysectomised male mice given injections of desoxy- 
corticosterone acetate, it might be of interest to know the age, sex, and 
time of injection relative to the operation, of the animals which gave these 
positive responses It seems possible that some factor depending on the 
sex of the animal might be mfluencmg the results — perhaps the presence 
or absence of endogenous estrogens Apparently, however, mice, com- 
pared with rats, as already noted, suffer a slower postoperative change in 
the sensitivity of the mammary gland to various steroid hormones, for, 
in those experiments in which supplementary estrogen was also given, 
almost all the animals responded with mammary growth irrespective 
of the length of the postoperative penod 

Desoxycorticosterone has uniformly failed to induce new growth in 
the glands of hypophysectomized rats even when given with estrogen 
(70), or given alone under conditions favorable for estrogen or proges- 
terone stimulation (145) 

V. The Androgens and Mammary Growth 

Evidence, summarized by FoUey (21) and others, has frequently been 
obtained since the ongmal experiments of Selye et al (141), that testos- 
terone and also androgens seraisynthetically produced may be active in 
causing mammary growth Alternative theories may thus be presented 
to explain the considerable mammary growth normally seen in males of 
certain species, such as the rat, and perhaps the abnormal growth — 
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gynecomastia — occasionallj ‘seen in males of other species, for etample 
the human and the monkey Either these animals can produce sub- 
stances having estrogenic activUy^we may note that estrogens, possibly 
of adrenal origin occur in male unne (14)— m vvhich case ne could 
explain mammary growth in males in the same terms as for females, or 
growth IS the result of androgenic stimulation and must be regarded as a 
distinct, though related, problem to that of normal female development 
Bottomley and Follej (7) have suggested that, in view of the experi- 
mental demonstration of the gjmecogenic properties of the male sex 
hormones so far as mammary growth is concerned, there is no need to 
postulate the first altematne These authors themselves reported 
active duct proliferation m castrate male guinea pigs m response to 
A‘-tran8 androstenediol, testosterone propionate and 17-methyUesto 
sterone, but in contrast to the results of Astwood el al (4) and Reece and 
Mixner (132) mth rats injected with testosterone, alveolar development, 
and that very slight, was onl^ seen after treatment with the first of these 
substances cie Androsterone and other androgens used had no clear 
proliferative effect on the mammary structures in agreement with 
earlier and later results obtained by other workers on the rat (113,127) 
van Heuverswyn et dl (54) extended these results to mice finding exten' 
sue development of the duct system after normal animals were injected 
with testosterone, androstenedionc, or dchj drowoandrosterone, but 
practically no effect with androsterone Dehydroandrosterone was later 
shown to be more active than testosterone m eliciting good alveolar 
responses from spayed female mice, vvhen both hormones were given in 
conjunction with estrogen injections (99) Van Wagenen and Folley 
(166) found dilatation of the ducts of preadolescent ovariectomued 
female rhesus monkeys following injections of testosterone propionate, 
but no extension of the duct system or alveolar development unless 
alveoli were present before treatment was started (Fig 7) 

The importance of estrogen m promoting an enhanced response to 
androgens was anticipated by the work of Laqueur and Fluhmann (66, 
see also 65), who found a dependence of the mammaiy response of adult 
rats to testosterone propionate upon the functional state of the ovaries 
at the time the first injection was given Animals whose treatment 
began during estrus gave a greater response, involving alveolar as well as 
duct development, the animals injected in diestnis showing mainly duct 
extension and only slight alveolar prohferation Only feeble responses 
were given, too, by immature rats, a result supported by the later work 
of Forbes (27) on the development of the mammary glands as the result 
of testosterone propionate pellet implantations 

McEuen et al (89), usmg male rats, demonstrated that, as m the 
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case of estrogen stimulation, an intact hypophysis was necessary for any 
mammary response to injected androgens Endogenous androgen pro- 
duced by injecting chorionic gonadotrophin was also ineffective m 
promoting growth after hypophyseetomy, while the fact that injections 
of anterior pituitary gonadotrophic extracts permitted normal growth in 
the hypophysectoraized animals to continue added to the evidence m 
favor of an essential pituitary factor participating in the androgenic 
growth effects These results, illustrating the importance of the pituitary, 
were confirmed by Noble (119) for the ovariectomized-hypophysec- 
tomized adult female and the hyrpophysectomized immature female rat 
treated with testosterone propionate 
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Fro 7 — 4 Gland after injection of S88 mg testosterone propionate over 65 days 
(monkey B) X 2 5 PhotoimcrograjA) ot accUon of control gland (monkey B) 

X 6 5 6 Photomicrograph of section of gland after testosterone propionate injection 

(monkey B). X 6 8 (From Van Wagenen and Folley, 166 ) 

VI. The Thyroid and Mammary Growth 

Early experrments ia which normal Jactation, and presumably there- 
fore normal mammary growth, was shown by thyroidectomised parturient 
bitches (17) and rats (115), or in which thyroidectomized and thyroidec- 
toimzed, gonadectomized male and female rats were observed to give 
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marked ma mm ary development following estrone injections (112) led to 
a tentatu e belief in the absence of any strongly characteristic effect of 
the thyroid on the growth of the mammary gland 

This view was not m strict accord, however, with the results given 
by studies on the development of the gland under conditions of hyper- 
thyroidism Weichert and Boyd (170), for instance, found a striking 
stimulation m the glands of thyroid-fed pregnant rats compared with 
normal pregnant controls, the degree of lobule alveolar formation being 
far superior by the ninth day of pregnancy, and the differential rate of 
development being maintained throughout the gestation period The 
authors expressed the opinion that the effect was due to endocrine factors 
rather than to any general influence of an increased metabolic activity 
A later report (171) revealed a difference in the histological picture pre- 
sented by the mammary glands of rats in which pseudopregnancy had 
been induced by hyperthyroidism (169), and glands taken from animals 
in which pseudopregnancy was the result of sterile copulation with a 
vasectomized buck There was therefore an apparent ability on the 
part of the thyroid hormone to influence, whether directly or indirectly, 
the normal development of the gland The possibility of mediation via 
an effect on the ovary was perhaps supported by the inability of thyroid 
feeding to alter m any signiflcant manner the glands of adult OAanec- 
tomized rats, but since the adult animals used failed to ince signs of 
mammary growth even when the thyroid feeding was supplemented by 
estrone injections, or m response to estrone injections alone, it is doubtful 
whether these experiments can be regarded as a critical test of ovarian 
participation m the particular thyroid function under discussion 

The increase in the area of branching ducts m the glands of intact 
male mice when desiccated thyroid was added to the normal rations (34) 
did, however, again suggest gonadal in\olvement, since castrated male 
mice similarly treated failed to show such growth Since the adrenal 
glands also hypertrophied as the result of the thyroid treatment, it 
seemed that these glands too might be taking some part in the enhanced 
mammary reaction, but since a similar hypertrophy occurred in the 
castrated animals this explanation could not be regarded as wholly 
satisfactory 

Mixner and Turner (100), under the conditions of their mammogen 
II assay test, found the lobule-alveolar response of spayed female mice 
given simultaneous progesterone and estrogen injections to be decreased 
by thyroidectomy and increased by thyroid feeding The authors were 
inclined to attribute these lesults to the stimulatory action of thyroxine 
on growth, whereby the normal optimal growth rate could be accelerated 
by increased thyroid activity, or decreased by hypoactivity of the gland 
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Confusing results obtained by Leonard and Reece (69) and Smithcors 
and Leonard (144) maj concoi\ablj ha\e their interpretation in a dis- 
tinction based on sex difference but the results in these two publications 
emphasize the ambiguities obscuring this branch of jnqujr> The first 
authors, using young female rats found that groups subjected to thj- 
roidectomj, spajing and thjroidectomj or spaying thyroidectomy and 
estrogen injections all showed a greater degree of mamraarj growth — 
comprising thickened ducts and an mcrea'se m lateral and end buds — 
compared with appropriately treated unoperated control animals, simul- 
taneous thyroxine injections gi\en to rats treated othenvise as m the 
third, estrogen-injccted group partially checked this differential growth 
Explanation of these results must at present remain purely conjectural, 
and, in tiew of the largely opposed results given by male rats treated 
similarly (144), some confirmatory evidence is needed The male 
animals showed inhibited duct de\elopment after thyroidectomy but an 
increased lobule-aheolar response on the limited but thickened duct 
sj'stems present An interesting feature of the experiments was the 
augmented alveolar development when estrogen injections were given 
to thyroidcctomizcd, castrated animals, equivalent to that given under 
similar conditions by testosterone propionate injections Possibly 
alterations m the metabolic pathways of steroids may be involved here, 
as the result of the thyroxine deprivation 

Other studies, relating to the thyroidectoniizcd bovine, hav e indicated 
that such operative treatment may^ result in subnormal mammary 
growth during pregnancy (148), and that udder development will not 
follow diethyJstilbestrol treatment unless myxedematous symptoms are 
first removed by suitable supplementary thyroid feeding (125) 

M e are thus m the somewhat anomalous position of holding evidence 
that hypothyroidism and IiyperthyToidism can both stimulate increased 
mammary growth, and further that hypothyroidism can cause duct- 
stunting effects pan passu with alveolar stimulation The various 
conjectural hypotheses put forward to explain the foregoing results are 
for the most part lacking all but the slenderest expenmental support, but 
it would seem leasouable to suppose that two distinct mechanisms might 
well be contributing to the inadequately studied sequelae of abnormal 
thyroid functioning The first, necesaanly linked m our consideration 
with inanition effects, depends upon alterations in the general systemic 
metabolism, and we may suppose that la this way growth changes, such 
as are implicated m mammary development, may be inhibited or accel- 
erated despite conditions which, from the standpoint of hormonal activ- 
ity, might be quite normal Secondly, the smooth interrelationship of 
the endocrine systems themselvea may be upset, and we could formulate 
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a complicated series of influences at work which would purport the 
thyroid hormone to be active not merely directly or indirectly through 
one other gland, but at a multiple remove via intermediate effects on the 
gonads and the pituitary It would not then be surprising if paradoxical 
results should arise in investigating this problem, since the condition of 
these further participating glands might itself have a very important 
modifying effect on the outcome of any experiment 

VII The Placenta end Mammary Growth 

The vanous attempts to induce mammary growth expenmentally, 
which have been enumerated above, all fail fundamentally to reproduce 
the conditions of most active natural growth — that is, growth during 
pregnancy — since all overiook certain concomitants of pregnancy uhich 
might be deemed to play some part in the growth process possible neural 
effects resulting from the distension of the uterus, for instance, hormonal 
effects deriving from the fetus or the utenne endometrium, or trophic 
secretions ansing from the placenta We may suppose that some of 
these might exert at least a modifying effect upon the progress of mani' 
mary growth during normal pregnancy, and in fact there is a considerable 
amount of experimental evidence that the last of these influences — that 
of the placenta — has indeed a major importance 

Selye et al (140) observed that, if the embryos and the ovaries were 
removed from rats m the middle of pregnancy, the mammary glands 
remained m a well-developed but nonsecretory condition, provided only 
that the placentae were retained intact This work was confirmed for 
the mouse by Isewton and Lits (117), who further demonstrated a con- 
tinuation of growth under placental influence during the second half of 
pregnancy in mice from which fetuses and ovaries had been removed 
This, it may be noted, is in conflict with the generally accepted view that 
proliferation of the parenchyma is completed dunng the first half of 
pregnancy in this species, and there would seem to be a distinct possi- 
bility that mammary hypertrophy — accompanying the incipient secre- 
tory activity of late pregnancy — or the inhibition of regressive changes 
might have been responsible for the “hyperplasia” which the authors 
inferred 

The authors were able to conclude from their experiments that the 
presence of placentae in the uterus has a positive effect upon mammarj 
development, which is independent of any ovarian action and which is 
not the result of uterine distension They were not able to define the 
trophic agency more accurately, but considered the direct action of an 
internal secretion of the placenta or endometrium to be a distinct possi- 
bility This view, as opposed to that of a neural or indirect hormonal 
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stimulus mediated bj the pituitao'i gamed very strong support from the 
later studies of Gardner and Allen (35) and of Neirton and Beck (116), 
whose results, to be considered together with the supplementary study 
of Newton and Richardson (118), showed that removal of the fetuses 
coupled with hj'pophj’sectom) at midpregnancy was only followed by 
involution of the niammar> glands of mice if the placentae were also lost 
Those animals retaining adequate placental tissue were found to have a 
mammar> development at the nineteenth daj slightly in excess of that 
seen in normal mice on the twelfth day of pregnancy 

Discti*=smg the nature of this placental action the authors tentatively 
reject the theory of its dependence on a secretion of the ovarian hormones, 
an opinion which receives confirmation from the work, of Lyons (82) on 
rats, spa}*ed and hypophj sectomired after one third of the gestation 
period had been completed, and then injected daily with estrone or 
progesterone or a combination of these hormones Only those animals 
receiving the last treatment, and a few injected with progesterone alone, 
showed the presence of placental tissue at full term, and these animals 
alone show ed any extensn e mammary dev elopment The other animals, 
10 which resorpCioa was complete, mainly showed a mammary system 
consisting of ducts only If, as has been shown under expenmental 
conditions, the anterior pituitarj is es^ntial for the mammogemc activi- 
ties of the ovanan hormones, it would be correct to conclude from Lyons’ 
work that the placenta is able to assume those functions hitherto postu- 
lated for the pituitary, at any rate during the latter part of pregnancy, 
and further that, among the mechanisms responsible for mammarj 
growth in the normal pregnant animal, the placenta may provide the 
“potentiating” mammogemc factor of which need is abundantly mani- 
fest Such a new would indicate that the pituitary plays a subsidiary 
role m this respect, hav ing assumed an exaggerated importance m the 
consideration of hormonal mechanisms responsible for mammary growth 
merelj by reason of the very abnormal conditions under which this 
problem has until recently been approached It seems quite possible 
that in most of the experiments showing the importance of pituitary 
mammogemc function this gland has been acting vicariously Tor fhe 
absent placentae of normal pregnancy We are reminded m this con- 
nection of a similar shared ability of the pituitary and chononic tissues 
to secrete gonadotrophic substances 

Still more recently Leonard (68) has presented further results testify- 
ing to the importance of placental tissue for mammary dev elopment or 
at any rate the prevention of raammaiy regre'ision in the rat — at least 
during the later stages of pregnancy Rats were subjected to various 
operative procedures at the thirteenth d ay of pregn ancy, mv olvmg the 
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removal singly or m all possible combinations of the pituitary, the ovaries, 
placentae, or fetuses It was observed that whatever the surgical 
removals might otherwise be, the retention of the placentae was never 
associated with any marked regression of the mammary gland, but usually 
with active development, while removal of the placentae, even when 
ovaries and pituitary were kept intact, invariably led to severe regression 
of the gland There was, however, fairly clear evidence that the pla- 
cental raammogenic effect was enhanced in the presence of the pituitary 
and ovaries and somewhat reduced by their removal The author con- 
cluded that his results "indicate that the placenta of the rat is an endo- 
crine organ and that the active pnnciple(s) work synergistically with 
hormones of the hypophysis and ovanes to control mammary growth 
during the second half of pregnancy ” 

Another explanation of these results, m which the pituitary and the 
placenta are envisaged as serving separate ends, is the assumption that 
continued mammary growth m the presence of placental tissue and 
following hypophysectomy is due to a continuance for a period after 
operation of the pituitary-sensitizing effect upon the mammary gland, 
and that the placental role is not one of growth stimulation at all, but 
rather one of maintaining m functional state the nonsecreting (insofar 
as copious postparturient lactation is absent) but potentially secretory 
tissue Such a view would be consonant with the suggestion, already 
tentatively advanced, that the placenta might prove an agent of mam- 
mary hypertrophy but not of true hyperplasia 

VIII Comparative Aspects of Mammary Growth Control 

Although m the earlier part of this chapter the rat w as taken as a 
prototype to illustrate the changes in mammary groivth throughout the 
stages of a mammalian life cycle with several fairly characteristic sexual 
manifestations, it will have become clear that this generalization, made 
for convenience, will necessarily have to be modified in greater or less 
degree as one passes in review from species to species, by reason of the 
variations encountered in the underlying sex histones of different ani- 
mals This comparatne aspect of the problem has been well reviewed 
by Turner (156), and it is here intended merely to consider the funda- 
mental secretory relationships which may be held responsible for the 
various types of development observed 

Despite the recent ev idence indicatmg a complex, multiple glandular 
control of mammary grow th, it remains a basic postulate of all theories 
that growth results from hormonal stimuli initially set m train by one 
or both of the o\ arian hormones, and, although the simple theory of direct 
stimulation of the gland by estrogens or progesterone may have to be 



XV HORMOVAl, CONTROL 07 MAifttARY GROWTH 


737 


supplemented b> other wews, ovAnan quiescence or actn ity does in fact, 
\\hether directly or indirectly, control the proliferation of ducts and 
lobules This control, ne ha\e already seen, may be shared, in a degree 
to which lie can as jet giie no quantitative estimate, by the adrenal 
gland, but in all probabilitj only by ^wtue of the occurrence m that 
organ of substances identical with, or very closely akin to, the ovarian 
hormones themsehcs From this dependence upon ovanan function 
spring the possibilities for wide ^ anations in both the quantitative and 
qualitatiie aspects of normal mammary deielopment in different species, 
and particularly is this so in those stages of growth, between puberty 
and the first pregnancy, when fortunately mammogemc effects may be 
observed most unambiguously in relation to estrous or menstrual cycles 

By contrast with the rat or the mouse in which the luteal phase is 
usually considered very short, or even absent, it might be expected that 
aiumals having estrous cj cles with a definite luteal phase such as the 
cow, for which the normal cjcle is of 21 days, or primates, with a men- 
strual cycle of about 28 days, would show a relatively greater alveolar 
development during the course of each cycle in re8pon«e to the presence 
of an actively secreting corpus luteum for considerable periods Such 
development has been observ'ed, and, since alveolar development was 
never found m rhesus monkeys which had undergone anovulatory cycles 
but only m those showing clear evidence that ovmlation had occurred the 
importance of a lengthy luteal phase for this type of development during 
the sexual cycle was substantiated for tbisspecies (22) How ev er, we may 
suppose that the presence of npenmg foUicles at this time will be continu- 
ally affecting the progesterone estrogen ratio, rendering it optimal for 
mammary grow th only for a small proportion of the time dunng which an 
active corpus luteum is present The conditions are thus not so favorable 
for g^wth as those observ ed during pseudopregnancy m some other mam- 
mals when a prolonged existence of the corpus luteum, m the absence of 
further follicular growth, does lead to the formation of relatively more 
extensive lobule-alveolar tissue In the rabbit, for mstance, veiy exten- 
sive growth of the mammary alveolar system has been observed after 
sfenie mating while the compfcte mammary development /oJJow- 

ing spontaneous infertile ov'ulation in the dog, is also linked closely with 
the persistence of the corpus luteum in this species dunng metestrus 

(91) 

Another peculiarity which may be noticed in the rabbit is an absence 
of the waxing and waning effect in duct growth frequently seen in ani- 
mals expenencmg a regular succession of estrous cycles The rabbit 
shows a more steady growth in the period preceding its first pregnancy, 
correlated no doubt with the state of continuous estrus and a less fluc- 
tuating estrogen secretion 
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Apart from differences thus based on ovarian rhythms there remain 
the possibilities of variations in the actual hormonal stimuli required to 
give nse to mammary tissue, and though these agencies would appear 
to be the same m a qualitative sense for most species studied — and in all 
probabibty for all — it may well transpire that wide quantitative diver* 
gencies exist m the relative amounts of the hormones needed for optimal 
growth and m the relative importance of the contributions of individual 
glands toward this end 

IX The Control of Nipple Growth 
In contrast to the complexities of the hormonal control of the paren- 
chymatous tissue of the mammary gland, it has become increasingly 
apparent that nipple, or teat growth is governed by simpler physiological 
mechanisms, and, although a variety of sex hormones can effect this 
development, their action m all cases would seem to be direct and not 
supplemented or modified by any pituitary function Thus Lyons and 
Pencharz (84) have found that the nipples of male guinea pigs show very 
much the same rate of growth following estrogen injection, whether or 
not the animals are preMOUsly subjected to hypophysectomy, and 
despite the fact that development of the mammary gland could only be 
obtained m the intact animals These results were confirmed and 
extended to include the female guinea pig by Gomez and Turner (43) 
Fop the male of this species Bottomley and Folley (7) demonstrated the 
dependence of teat growth on the endocrine activity of the testes, since 
castration stopped growth, in the young intact animal growth was found 
to proceed isometncally, keeping pace with the rate of body growth m 
general These authors tested a number of androgens for their power 
to cause accelerated growth of the teat in both normal and castrated 
guinea pigs and noted the greater efficacy of the unsaturated androgens 
m this respect Further evidence of the absence of any pituitary func- 
tion m nipple growth was given by Noble (119), who found that this 
growrth m the female rat, both adult and immature, was promoted by 
testosterone propionate injections irrespective of any previous hypo- 
physectomy or ovariectomy This gynecogenic action was accordingly 
attnbuted by the author to direct stimulation of the nipple by the 
androgen 

There are distinct indications that, with teat growth as for mammary 
gland development, species differences may deny us any thoroughly 
comprehensue explanation of the hormonal mechamsms involved, for 
Folley el al (26) have failed to observe any cessation of normal teat 
growth following castration in the young male goat This may suggest 
an altered sensitivity to androgens ms-d-tns the male guinea pig, or alter- 
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natuely the presence of subsidiary mechanisms— involving possibly 
the adrenal gland — which can be called mto action when the normal 
stimulating hormone source is removed The authors' demonstration 
of pha'^s in teat growth m the capnne, coinciding with the onset and 
ce'^tion of the breeding season, is of great interest since it implies an 
inhibitory function of progesterone, or of estrogen m large amounts, 
upon the rate of growth ob^rved during anestrus Unlike the young 
male which shows an isometric teat growth rate, the female goat exhibits 
positive allometry at an early age The facts presented above for this 
species, together with the observation that positive allometnc growth 
can be induced in males bj appropriate treatment vnth estrogen, suggest 
that a dual mechanism may bo responsible for normal growth in the 
female — one part, whose nature remains unknowm, being responsible 
for a basal isometric rate of development as in the normal male and the 
other, probably a direct estrogen action, causing a superposed accelerat- 
ing effect and responsible for the obsened allometry Cessation of teat 
growth in the breeding season could then be explained by inhibition of 
the first "isometric" mechanism mvoUmg os a dependent eitect failure 
of the second estrogenic stimulation 

In conclusion reference may be made to numerous papers by Jadas- 
sohn and co-workers on the so-called "nipple-test"— differential growth 
effects produced bj v arious sex hormones, n hen applied to the nipples 
of guinea pigs (58,59) 
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In a short review of the literature pertaining to mammary lobule 
alveolar growth m goats Muner and Turner (187) make passing reference 
to the fact that “ considerable milk secretion can occur from a well 
extended duct system ' This contention is supported by eddence 
which they themselves have denved from the goat, and which is appended 
to the review I^Iost relevant is the record of one animal given dxily 
injections of diethjlstilbestrol, which produced a maximum milk yield 
of 66 ml per day and jet showed “a conspicuous lack of any degree of 
development of the lobule alveolar system” Iso doubt a very slight 
degree of alveolar development would be sufficient for such a low milk 
production but the result implies an important contribution by duct 
secretion to the total milk volume in this particular case Gardner 
et al (98) had previously observed a similar phenomenon in the rabbit, 
the duct systems of ovariectomiied immature females and of males 
pretreated with estrogen both re^miding to pUuitary lactogenic prepara- 
tions with clear evidence of milk secretion Cytological data aa reported 
m the previous chapter have also confirmed that lactation need not 
mevntably be associated with the presence of alveolar tissue However, 
745 
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we may safely assume that, judged from its quantitative aspect normal 
milk secretion following pregnancy or pseudopregnancy is for all mammals 
overwhelmingly a property of the alveoli, and that duct secretion plays 
but an insignificant part m this process 

The degree of lactation shoivn by experimental or normal parturient 
animals will consequently have particular reference to the lobule-alveolar 
development of the gland at the time of onset of lactation and, specific 
lactogenic factors apart, the process of milk secretion must be regarded 
as being basically a function of mammary development and, as such, 
largely dependent upon those hormonal mechanisms which we have 
already had under consideration Here, however, our attention is 
directed to those supplementary hormonal influences responsible for the 
initiation and maintenance of secretion from an adequately formed 
mammary parenchyma 

I The Anterior Pituitary and Lactation 
A General 

The tentative ideas formerly held regarding the control of secretion 
from the developed mammary gland were largely suggested by the 
temporal relationship (confusing in many respects as we now know it to 
have been) between the start of copious lactation and the various changes 
in the genital system attendant upon parturition Lactation was seen 
as a passive process ensuing when the factors leading to the growth of the 
gland had completed their work, or alternatively it was thought that the 
growth mechanisms, which at that time were themselves only partly 
known, might, while operative, have an actual mhibitive effect on the 
processes of secretion 

The demonstration bv Stneker and Grueter (268) m 1028 of the 
ability of anterior pituitary preparations to initiate lactation m pseudo- 
pregnant rabbits, whether normal or ovanectomized on the tenth day 
of their pseudopregnancy, immediately brought about a change m 
scientific opinion on this problem It appeared that, m the presence of 
developed tissue, lactation could be evolred by a hitherto unsuspected 
■piVaAtiry 'Biy •nAerenct Yl iti'Auwed ftiat Vne onset oi 

the normal animal could no longer be visualized as the result of the 
smooth, unmstrumented transition of a groivth phase into a secretory 
phase m alveoli which had reached a certain favorable stage of develop- 
ment, or the removal of an inhibitory a^nt at parturition, but as due to 
the intervention at that time of a new stimulus having positive powers in 
its own right and without which the gland could not possibly function 
The rabbit, for a vanety of reasons, notably the ease with which 
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de\ eloped glands could be produced through pseudopregnancy and the 
dependence of ah eolar gronth upon the presence of functioning corpora 
lutea, has alwaj-s been a popular animal for research on the biological 
properties of lartogenir cxtraits Striiker and Grueter in addition to 
the pioneer results alrcadj quoted reported in the same paper that 
immature rabbits faded to •‘ccrcte milk followng the injection of aqueous 
antenor pituitarj extracts and thus first pointed to the need for a mini 
mum morphological dex elopment before secretion could begin This last 
result was at \anance Viith norL published by Comer (39), nho reported 
both mammary gron th and copious Jactation following the injection of an 
alkaline extract of whole sheep pituitaiy into spayed x irgm rabbits m hose 
oxaries uhen remoxed contained no trace of luteal tissue 

These conflicting results proxided the background to a controiersial 
side issue concerning the power of pituitarj lactogenic extracts to ex oke 
mammarx growth Gardner and Turner (99) for mstance stimulated 
milk •secretion m the mi oluted rabbit ghnd frcquentlj equal m amount to 
that obtained after partuntion but concluded that their extracts had no 
power to cau«e an increase in the number of alxeoli ongmallj present 
m the mx oluted glands, the effect being one of restoration to actn ity of 
aUeoli that had perhaps stopped «ccreting but had not regressed too far 
for renewed activity under suitable stimuli In support of Corners 
work, howexer, Ljotis and Cdtchpole (161) ond 4sclclle/af (9) reported 
mammary development following the injection of pituitary extracts 
haxnng lactogemc properties into 8pa>ed virgin rabbits Photographs 
of whole mammary spreads m the former publication (Fig 1) are of con 
siderable interest in this connection and it is clear that the matter, stiU 
one of considerable contemporarj interest was at the time confused by 
the apparently conclusixe exidence submitted by both parties to the 
dispute 

The resolution of these differences may he partly in the claim of 
Gardner el of (98) that duct secretion is responsible for the milky fluids 
produced from undex eloped glands treated mth suitable pituitary 
preparations, and that hyperplasia of the gland is more apparent than 
real, the effect bemg rather one of duct hypertrophy and distension of the 
gland wnth the new ly formed secretion It is doubtful hoxvex er, whether 
this smgle explanation will sufiGce as a reinterpretation of the results of 
Lyons and Catchpole and it seems more likely that these authors did m 
fact get a true mammaiy hyperplasia after administering their pituitary 
extract but not only by xirtue of any lactogenic pnnciple or principles 
it may have contained, the presence of contaminating adreaocortico- 
trophic hormone m the extractsmay be deemed highly probable (157,188) 
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and the formation of a more highly developed mammary parenchyma 
may have resulted from increased adrenal cortex activity (see Chapter 
XV) The separate identity of the lactogenic and adrenocorticotrophic 
principles has been established (157,188) and divergent results of different 
workers on the mammogenie properties of lactogemc preparations might 
be explained by the presence of the second principle m varying amounts 
m different extracts or, should their existence be established, the presence 
oc absence of pituitary mammogens (see Chapter XV) m different 
preparations 

In view of these alternative explanations the question of how far the 
pituitary lactogenic extracts themselves possessed mammary-growth- 
stimulating properties, by virtue of their lactogenic attnbutes, awaited 
the preparation of purer, and especially adrenocorticotrophin-free, 
extracts This, and much other work beside on the hormonal control of 
lactation, was made possible by the extensive investigations of Riddle 
and co-workers (236,237), who, making use of the earlier discovery of 
Riddle and Braucher (238) that the pigeon crop gland was activated to 
growth and secretion by suitable anterior pituitary extracts, demon- 
strated that the active principle of these extracts, to which they gave 
the name “prolactin,” was also the factor causing milk secretion m the 
developed glands of mammals That its identity was separate from the 
other known pituitary hormones was also established and preparations 
having a relatively high degree of purity were obtained With the aid 
of such prolactin extracts Lyons (159), using bis most elecant technique 
of mtraduct injection, has recently claimed to have obtained defimte 
evidence of localized hyperplastic changes in the alveoli of ovanectomized 
virgin rabbits pretreated with estn^en and progesterone The reported 
changes include a great increase m the number of epithelial cells formmg 
the circumference of the alveob, and the presence of mitotic figures in 
their epitbelia Comparisons were made with control sectors from unm- 
jected parts of the same glands (Fig 2) The author further states that 
“when full lactation has set m the secretory cells have to be constantly 
renewed either m their entirety or — as is more usually the case — m their 
supra-nuclear cytoplasm only” aud implies that such reconstitution 
may well be a growth function of the lactogenic hormone The claim is 
made specifically by this author m a further publication (158) in which he 
suggests that the lactogenic principle “ initiates m the estrm or 
estnn-progestin-prepared mammary gland a functional alv eolar growth 
leading to lactation ” Although not phylogeneticallv homologous with 
the changes seen in the developing parenchyma of the mammalinn gland, 
the pigeon-crop stimulating reaction of the lactogenic hormone, to w hich 
we shall recur is witness to its ability to promote tissue growth as a 




Fia 1 — <a) Control rabhjt mamman spreacfe compami mth (bj «preads from 
the same animnU remosed after infections of lactopenie hormone preparations had 
been given (From L>ons and Catchpole 161 > 



Flo 2 — ^Two adjacent sectors of a inasaniary gland of an ovanectomized rabbit 
prctreated with estrone and progesterone and then given prolactin into the mam duct 
(lowcrleft)oflhebottomBector Thiseectorafanelactated (X3 7) (FromLfOOs 159) 
7W 
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preliminary to the lactational response, and it might prove to be the case 
that the actual cytological changes postulated by Lyons have features m 
common with this parallel response 

Lyons’ conception is one of the utmost importance, implying as it 
does the existence of hormonal control of cellular rejuvenation or renewal 
in the lactatmg gland, but confirmation and a more precise definition of 
the sigmficance of the action will be needed before this function of the 
lactogenic hormone can be accepted without reserve 

One other hormonal mechanism may be mentioned here as possibly 
affecting the lactation response by supenmposing a growth effect on the 
gland The luteotrophic hormone, which has the property of maintaining 
corpora lutea in an active secretory condition (11) has been identified by 
many workers with the lactogenic hormone (see page 798), if this is so, 
and should the animal injected with the hormone be intact and have 
luteal tissue present m the ovary, the stimulation would result in a release 
of progesterone which might promote glandular development condition- 
ing an improved lactational response Reports dealing with this luteo- 
trophic function of prolactin are more fully considered in a later 
section 

Contrasting with the different views held on the growth-promoting 
potentiality of prolactin preparations there has been complete unanimity 
regarding their lactogenic powers, and for the rabbit, in addition to the 
reports already mentioned, Frednkson (94) has observed milk secretion 
in spayed immature animals whose glands had been developed prior to 
the pituitary injections by treatment with estradiol monobenzoate and 
progesterone, while Anselmmo el al (6) have reported lactation m male 
rabbits given similar conditioning treatment 

These investigations were extended to other species with similar 
results so far as the lactogenic properties of fresh pituitary implants or 
extracts were concerned A study with the guinea pig as experimental 
subject was made by Nelson and collaborators (199,202), who initiated 
lactation in normal and castrate immature males and in spayed immature 
females all of which had been given preliminary treatment with an 
extract of sows’ corpora lutea This extract developed the mammary 
glands, priraanly owing to its estrogen content, and it was reported that 
such development with ovarian hormones was a necessary prerequisite 
for the lactogenic response to pituitary injections Such parenchymatous 
growth could equally well be given by ovarian transplants into males, 
either castrated or made exjierimentally cryptorchid These authors 
found no evidence of any power on the part of the pituitary extracts they 
used to cause growth of the guinea pig gland, and their report (200) of 
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lactation m adult virgin animals gonadectoraized during estrus, following 
the injection of pituitary extract alone, may be taken as a probable 
indication of a certain degree of normal mammary growth m the animals 
before experimental treatment nas begun Lyons and Catchpole (160), 
who obtained similar results with ovancctomized, mature \irgin guinea 
pigs, also favored this explanation 

The review of Nelson (193) and the bulletm of Gardner and Turner 
(100) may be consulted for references to the many parallel experiments 
earned out on other small mammals which substantiate the work on the 
rabbit and guinea pig The latter publication draws special attention 
to the greater difficulty experienced by early workers in getting lactational 
responses from the rat Thej themselves quote results illustrating this 
difficult} and conclude that differences ob‘«er\ed between the rat and 
the rabbit may haxe their origin in more rapid and extensne mvolu- 
tionary changes occurring in the former species Thus for instance, 
mature parous rats treated after weaning with pituitary preparations 
may, in the absence of additional treatment to mamtam the morphologi 
cal elements of the gland, present a regressing parenchyma inadequate 
for a proper response to lactogenic preparations A supplementary 
effect may be a smaller quantitative significance of duct secretion in the 
rat compared with other species. That no fundamenta] qualitative 
difference exists is demonstrated by the work of Scbultze and Turner 
(249), who were able to induce lactation in the mature multiparous rat 
and in immature rats given pituitary implants, provided the ovaries of 
the host animals remained intact and the pituitary implants, supple- 
mented by the animals own endogenous secretions, were sufficient!} nch 
in gonadotrophic activity 

It is now clear that the need for progesterone stimulation m order to 
obtam alveolar dexelopraent in the rat was frequently an unappreciated 
complication m the eather experiments, which, together with the other 
factors already mentioned, presented a problem in comparative lactation 
that was in reality largely a problem of comparative mammary dexelop- 
ment Reece (220) has suggested that the “refractonaess” of the mam- 
mary glands of the pseudopregnant rat to prolactin may be due to the 
presence of some other essential hormone m insufficient amounts The 
role of other glands m lactation will be considered later, but Reece’s own 
experiments in which prolactin or prolactin plus adrenocortical hormone 
preparations were given to such animals cannot be regarded as providing 
results strongly m support of this theory 

The effect of prolactin in pnmates has been more difficult to assess 
experimentally, but despite conflictmg clmical reports it may be confi- 
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dently assumed to be the same as m the small mammals already instanced. 
Allen et al (4), for example, induced lactation m monkeys treated mth 
estrogen and lactogemc preparations or mth the latter alone, finding 
however that successful treatment was correlated with sexual maturity 
or, m other words, dependent in all probability upon some measure of 
alveolar development in the glands With humans, expenment has 
been largely confined to attempts to increase a poor initial lactation 
following normal parturition, and in spite of the hazards of serious local 
reactions observed by some workers following injections (289) and some 
disappointing clinical reports (e g 266), there seems to be a hope of useful 
extended clinical application of the hormone in selected cases as soon as 
it becomes more readily available in the purified form Kenny and King 
(144) using ox and sheep pituitary preparations hav e reported 74% posi- 
tive responses — milk increments of over 100 ml daily — in their treated 
group of 43 women, compared with 21% positive responses among the 
same number of controls treated by routine methods — breast pump, 
massage extra milk rations, and so forth These hopeful results have 
recently been confirmed by inson (290) and w ere themselv es a confirma 
tion of some earlier reports {eg 241) It would, however, be unwise to 
draw any premature conclusions from the very inadequate data already 
at hand, especially since the reports almost all deal with the problem of 
increasing a milk yield already established and, as will be shown later, 
there may be justifiable grounds for believ mg that this may depend on a 
phase of the hormonal pattern controlling lactation which presents subtle 
differences from that causmg initiation of secretion from a nonsecreting 
gland, prolactin seems pnmanly concerned with the latter function It 
seems likely however, that m some cases of poorly established lactation a 
partial deficiency of prolactin will prove to be the correct diagnosis and 
mjections with this hormone a successful therapy 

Gradually, and for reasons which must be sufficiently obvious, studies 
on the biological effects of the lactogenic hormone have come to depend 
more and more on the use of dairy farm animals The goat and the cow 
are ideal subjects for responses pnmanly to be measured by changes in 
milk yields and they present the additional advantage that results 
obtained by their use have frequently a direct reference to actual practical 
problems of the dairy industry 

Following the early appbcation by Gruter and Stneker of antenor 
pituitary treatment to the cow (see below), Asdell reported the first 
results demonstrating the induction of lactation in a young female kid 
(7), and the arrest of the normal decline in the milk yields of parturient 
goats treated late m lactation (8) These cases, with repetitive experi- 
ments m which it was found that a positive effect on the milk yield was 
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an uncertain response more likelj to be obtained from animals gumg 
low rather than high jnclda at the time of injection, and further work 
illustrating the related fact that little effect either on maNimura dailv 
jiclci or persistence of lactation was to bo expected when animals were 
injected at the peak of their lactation were all collected m a later memon 
(9) The authors here supported the \iew that the effect at the peak of 
lactation w as absent because the limiting factor at this point is normally 
one of mammary development, and that fruitful responses from anterior 
pituitarj injections could only be expected when lactation was dimmish 
mg and then onlj m tbo«e animals for which the cause of the decline 
was a lessening of the secretion of prolactin to suboptiraal lc\eJs The 
latter effect they differentiated from the “ natural rate of decline 
due to the death or passing out of actue service of the secretory cells ’ 
The pointed relationship between the yield at the time of treatment 
and the response, even m animals all m comparable declining midlacta 
lion, again suggested an inherent or conditioned variation in prolactin 
secretion and supported the claims put forw ard b> Asdell and associates 
Good jiclds from joung \irgin goals (58) after anterior pituitary injec- 
tions are undoubtedlj to be explained cither by the prc«enco before 
treatment of some degree of precocious mammary development— a com- 
paratively frequent occurrence in this species — or by development 
resulting from gonadotrophic activity in the pituitary extracts used 
Do Fremery (95) and Trautmann and Ivjrchhof (277) have stressed 
the importance of some predcvclopmcnt of the gland before begmnipg 
treatment wnth lactogenic extracts if abundant secretion is to result 
These authors separately obtained good joelds from v irgm goats whose 
udders were first developed b> administration of estrogens or whole 
ovarian extracts The first author believed that no milk could be 
obtained from such treated animals wuthout further injections with 
prolactin preparations, and stated that “To start a lactation period an 
artificial increase of the prolactin (lacto^n) level in the blood is therefore 
of importance /’ a conclusion that, as vve now know and as w ill be 
Inter explained, is Only justifiable m a small proportion of cases 

Parallel studies on the cow were introduced by Gruter and Strieker 
(120), who showed that, for cows already lactating, pituitary injections 
were able to increase the milk yields by very substantial amounts 
Stockklausner and Daum (267), who gave nine injections of a pituitary 
preparation ov er a period of 43 days confirmed these results using experi- 
mental and control groups of ten cows m different stages of lactation 
ranging from the fourth to the eleventh month after calving An applica- 
tion of the treatment to heifers (32) was as would of course be expected, 
less successful, but some milk was obtained its amount apparently 
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beanng a relationship to the extent of udder development already present 
when treatment was begun 

More extensive trials involving 510 experimental animals and 90 
controls were reported by Asimov and Krouze (10) Their animals 
were in various stages of lactation from the first to the twenty-first 
month after calving and were heteri^eneous regarding breed, age, and 
breeding history These differences were balanced by corresponding 
variations m the control group Tlie animals, expenmental and control, 
were subdivided according to their original distribution in four milking 
sheds and the results, given as the total daily milk yield from these 
different subgroups, were expressed as a percentage of their correspondmg 
daily yields during a prehmmary period immediately preceding the 
experimental treatment In each group increases of 20-30% were found 
after single injections of an alkahne extract of ox anterior pituitary 
tissue, the effect was transitory, disappearing usually after six or seven 
days, when the lactation curves again approached those of the control 
animals Rather unexpectedly, m view of the reports of other workers, 
these authors obtained their greatest effects on milk yield m early lacta- 
tion, their contention that crude anterior pituitary preparations were 
more effective than punfied prolactm extracts is, however, m good accord 
with subsequent investigations (86,91) to be more fully appraised in a 
later section 

Recent research on this problem of stimulating milk production in 
cattle has been largely confined to the work of FoIJey end Young, who 
have introduced certain new ideas, based on their experimental findings, 
which challenge the comparatively simple conception of the hypophyseal 
role in the control of milk secretion held previously by most workers 
Their views involve the appreciation of two distinct concepts — lacto- 
genesis and galactopoiesis — both thought necessary for a full evaluation 
of pituitary function in the phenomenon of lactation (88) By lacto- 
genesis they sigmfy the initiation of lactation in a formed but nonlactat- 
mg gland and deem this action to be mediated by the pituitary lactogenic 
hormone, probably m conjunction with other pituitary factors of which 
adrenocorticotrophm is almost certainly one and adrenal stimuli evoked 
by adrenocorticotrophm By galactopoi^is they refer to the ability — 
shown by a complex of pituitary pnncipl^, one member of which may 
be prolactin, but not as yet definitively described — to increase or main- 
tain an already existing milk yield The distinction lies between the 
power to initiate and the power to perpetuate or augment Since 
their conclusions gained support from work already carried out on hypo- 
physectomized animals it will be advantageous, before considenng their 
views m full, to enumerate the effects produced by h3T50phy8ectomy 
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upon lactation and the results of attempts at replacement therapy using 
lactogenic hormone preparations, either alone or in conjunction with 
other trophic pituitary extracts 

B Htpophisectomi and Lactation 

The first report of direct significance m this field of inquiry tv as 
published by Allan and Wiles (3), who made the single observation that 
cats bypophj sectomised in pregnancy made no attempt to suckle their 
kittens hIcPhail {172) confirmed this and gave some evidence that, 
after young had been aborted, the dry glands of the hypopbysectomized 
cat could be stimulated to give some secretion by the injection of anterior 
pituitary extracts Further, McPhail reported two cases m which lacta- 
tion had stopped following poatpartunent hypophysectomy These 
results m their broad implications are typical of many reports on other 
species, and we may cite here papere by Selye et al (254) and Newton 
and Richardson (204) on the mouse, by Penebarz and Long (209) and 
Selye and co-workers (255) deahng with the rat, by Nelson (192), Pen- 
chars and Lyons (210), Macchtarulo (166), and Gomez and Turner (108) 
on the guinea pig, by Frednkson (94) on the rabbit by McPhail (171) on 
the ferret, and by Houssay (134) and L>ons et ol (162) on the dog The 
collective research of these workers leads to the general conclusion that 
bypophj'sectomy, if carried outdunngpregnancy, will prevent lactation, or 
if performed after partuntios will stop it, the eJTects being independent 
of the amount of mammary glandular tissue present Further, it shows 
that the injection of suitable anterior pituitary extracts will permit, or 
restore, secretion m such operated animals The qualifications mentmg 
the epithet “suitable’ were and are still in some doubt, as will be shown 
below 

Granted the pre-eminent role of pituitary prolactin in the successful 
control of lactation, expenroents in which hypophysectomy was employed 
did mdicate the possibility that other mechanisms have a special signifi- 
cance m the very earliest stages of lactation or even play a part m the 
normal maintenance of secretory function Thus, Selye ei al (37,253, 
254) gave evidence both for the rat and the mouse that the pregnant 
uterus and its contents could also be a source of secretory stimuli, albeit 
of a \ery temporary nature, at the time of parturition, animals com 
pletely hypopbysectomized during the second half of lactation were 
observed to secrete milky fluids for a few hours after normal delivery, but 
the factors conducive to this secretion ivere m no way an alternative to 
the pituitary stimuh needed for the normal onset and continuation of 
milk production Newton and Richardson (204) have expressed the 
opinion that in the mouse the placenta can ca u5e_se cretoiy activity 
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during the last A\eek of pregnancy though the quantitati\e significance 
to its action might vary Such a mechanism might well explain the 
presence of milk in the glands of mice, hypophysectomized midway 
through pregnancy and killed after a further seven or eight days, before 
httenng 

The successful use of antenor pituitary extracts for remedying the 
inhibitory effects on lactation caused by hypophysectomy was naturally 
attributed to the presence of prolactin, and it was tentatively assumed 
that this specific hormone alone could be held responsible for such remedial 
action An account of experiments by Gomez and Turner (108) in 
which replacement therapy was attempted in female lactating guinea 
pigs hypophysectomized during the first week after delivery showed, 
however that whereas purified prolactin preparations were unable to 
maintain lactation ground aqueous suspensions of whole sheep pituitary 
tissue were most successful m keeping the gland in active secretion The 
first suspicion of a more complex pituitary control of lactation was thus 
aroused and earlier results vnth intact animals, having an endogenous 
hormonal secretion supenmposed on any exogenous application, were 
seen to have been possibly misleading m their first interpretation 

The problem of finding the additional pituitary principle or principles 
necessary for full replacement therapy was earned a stage toward its 
solution by Iselson and Gaunt (195), who first confirming the findings of 
Gomez and Turner extended them m a senes of experiments showing 
that lactation could be induced m immature male and female gumea pigs 
hypophy«ectomized at the end of a penod of gland-developmg estrogen 
treatment prov ided that injection vnth prolactin w as supplemented by 
the simultaneous administration of adrenocortical hormone extracts 
Similarly this combined treatment caused lactation in hypophysectomized 
pregnant females v\hich failed to respond to treatment with prolactin 
alone Gomez and Turner (109) also demonstrated this activ e functional 
role of adrenocortical hormone preparations and further showed (110) 
that injections of the adrenocorticotrophic hormone prepared free from 
growth gonadotrophic, and lactogenic factors were equally effective 
when given m the same way — in conjunction with prolactin injections 
It was made clear in the foregoing reports that the adrenocortical hor- 
mone or adrenocorticotrophic preparations were unable to initiate or 
support lactation m hypophysectomized animals w hen giv en alone An 
attempt (211) to induce lactation m rats hypophysectomized on the 
day preceding delivery using similar methods, yielded results which, 
although partially successful, surest that complete substitution therapy 
might be more difficult in this species It should be noted here that 
Fredrikson (94) obtamed results from hypophysectomized, pregnant, 
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lactating, and pseudopregnant rabbits which were not in complete 
agreement with reports on the insufficiency of prolactin to maintain 
milk secretion His animals gave milk following injection of adreno- 
corticotrophm-free pituitary lactogenic extracts Possibly cortical 
hormone deficiencies are less speedily apparent in this species after hypo- 
phjsectomj, though in one case milk was obtained even though the 
prolactin treatment was delajed until forty days after the operation 
In explanation of all these results two tbeones could most readily be 
put Toward, either the adrenal cortex has a direct functional role to 
play in the phenomenon of lactation, comparable with that postulated 
for prolactin, or its effect, as eiinced in the hjpophjsectomired animal, 
IS a concomitant of the more general metabolic disturbances, perhaps 
tho'^e of electrolyte and water balance, known to be associated with 
adrenal insufficiencj , a \ lew w hich gams some support from the success- 
ful use of salt therap} m the induction of lactation m hypophysectomized 
guinea pigs treated solely w ith purified prolactin ( 196) A full discussion 
of adrenal mxoUcment will be gnen m a later section but here it may 
be pointed out that \\ hether ilproxestobedircctormdircctmits action 
some cortical hormone, or possibly hormones w oiild appear to be essen- 
tial for the initiation of milk secretion and may be deemed to have 
“lactogenic” properties Folley and Young (89) m a discussion of the 
specificity or otherwise of the pituitary lactogenic principle state that 
“SuiM adrenotrophin as well ns prolactin is necessary for the 
initiation of lactation in the hypophysectomized gumea-pig, there 
appears to be no useful purpose m maintaining the theory of the existence 
of a single lactogenic hormone, prolactin ” 

Hmphasis has also been placed by some authors (see 112) on the 
important, if indirect, role played by those pituitary principles concerned 
in the regulation of carbohydrate loels m tbe blood It is claimed that 
any ad\erse effects upon carbohydrate metabolism resulting from their 
abnormal functioning may well be accompanied by senous fluctuations 
in imlk yield, since glucose is such an important precursor of milk lactose 
It will be clear that there are fine-drawn distmctions between the 
siinbutes of the venous pituitary and other principles found 
necessary for the imtiation of lactation ra hypophysectomized ammals 
To enable normal milk secretion to start and to proceed is a property 
common to them all, yet this w achieved by a varying remoteness or 
indirectness of control, the nature of which can only be fully appreciated 
when tbe responses of the individual alveolar cell to hormonal stimuli 
are better understood In the control of secretory powers of such 
immense quantitative importance, the regulation, for example, of opti- 
mal cell membrane permeabiliUes or of gluconeogenesis such as may be 
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conceived to reside m the lactog^mcalty active adrenocortical hormone 
must be considered every whit as important — e^en though of wider 
general sigmficance — as the more specific secretion that ve suppose 
pituitary prolactin to be 

C Further Consideration op the Role of the Anterior Pituitary 
IN Lactation 

Reverting now to the experiments on intact farm animals earned out 
by Folley and Young (86) we may note that the major interest of their 
work m this field bes not in their confirmation of the ork of Asimov and 
Krouze, already mentioned, regarding the augmenting effect of smgle 
injections of anterior pituitary extracts upon the milk yields of cows m 
declining lactation, but in their endeavor to correlate the galactopoietic 
activities of various extracts inth their contents of different pituitary 
principles Their investigation gave unexpected results, for it was found 
that the degree of stimulation did not parallel the pigeon-crop gland- 
atimulatmg (prolactin) activities of the extracts used, but rather was 
closely allied to their glycotropic — ‘‘antimsulm” (291) — potencies (see 
Table I) 

TABLE I 


CoBSELATiOK OF Gaiactopoietio AcTiTinES OF Vabidus Aktebiob Pxtuitast 
Extracts witr Sore or rasni Oraea B:olooical Psoraanss (86) 


Starting material 

Extract 
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crop 

gland 

etimu 

lating 

activity 

Galaeto- 

poietie 

activity 

(single 

Snjec 

tion) 

Glyco- 

tropic 

activity 

Diabeto- 

geme 

activity 

Thyro- 

tropic 

activity 

Freeh ox anterior 
lobe 

Crude salme 
extract 

+++■ 

+++ 

+++ 

+ + + 

+++ 


i^lactin U 

++ 

++ + 

+++ 

0 
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Thyrotropic-C 

0 ! 

+ + 

+ + 

++ 

+++ 

Commercial dried 
ox anterior lobe 

Prolactin 1 

++ ' 

Of 

+ 

0 

1 

1 0 



1 ^ 



1 ^ 

ui- 


* No effect when a single injection was given Substantial effect when daily 
miectioQB of a large dose were given over a period 


A later paper (87) reporting the use of two of the extracts, prolactm- 
C and thyrotropic 0, respectively nch and poor in pjgeon-crop-gland- 
stimulatmg activity, to study the effects of repeated injections, showed 
similar results Both extracts caused marked increases in the milk 
yields, though as for smgle injections the effects were transitory and 
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disappeared quickly when injections ceased In these expenments the 
preparation rich m pituita^ lactogenic hormone — t e , for our immediate 
reference, in pigeon crop gland activity— afforded the greater response, 
but this observation could also be correlated with the higher glycotropic 
actmty of this extract 

A still more complicated picture was presented by the results of a 
third study (88), in which a crude alkaline pituitary preparation, a 
prolactm preparation, and a glycotropic extract having a negligible 
prolactin content nere injected on alternate days for a period of 22 days 
Contrary to the authors’ earlier beLef, the increase m milk yield did not 
in these animals parallel the glycotropic potencies of the extracts and 
only a slight irapro\emcnt nas observed in the yields from animals 
receu mg the glycotropic preparation On the other hand, although the 
prolactm preparation did give an initial stimulus to milk secretion, the 
total effect dunng the injection period was only about one third that 
given by the crude pituitary extract, e\en though the prolactin unitage 
administered was roughly seven times as great 

In \ lew of this additional evidence on the need for postulating a more 
complex pituitary control of milk secretion, and bearing m nund the 
reiterated contention of Bergman etal (20) that the pigeon crop gland- 
stimulating factor is identical inth the pituitary hormone initiating 
lactation in intact mammals, where adequate complementary adrenal 
stimuli may be presumed, the authors, as we have already noted, sug- 
gested that it might be desirable to distinguish between those substances 
responsible for initiating secretion and those which increase the yield 
from animals already lactating Bergman and Turner (21) have sub- 
sequently and independently put forward a similar suggestion claiming 
that the antenor-pituitary secretes a number of hormones which 

individually and collectively have the ability to augment the lactation 
rate ” They claim too that these hormones have no poner to initiate 
lactation and beheve that their galactopoietic action is due to an indirect 
and beneficial effect upon milk, precursor levels They differ from FoUey 
and Young in attributing the initiation of secretion to prolactm alone, 
sad ifiey* dxrtitfr ieiiu'iu* Hw A^-asvjov? sf 

poietic effects on its own account when ita rate of secretion is otherwise 
suboptimal in relation to the existing precursor level This postulate 
13 not shared by FoUey and Young, who reported the apparent destruc 
tion of galactopoietic powers by cthani^ desiccation of pituitary material 
before its extraction (91) — a treatment known to be unharmful to 
prolactin itself They state that “ prolactm m itself is probably 
not galactopoietic, though it may constitute one comnonent of a ealacto- 
poietic complex ’ 



De\ eloping their Tvork on the galactopoietic function of pituitary 
preparations, FoUey and Young (91) obtained a sigmoid dose-response 
curve from coivs following single injections of crude extracts of fresh ox 
anterior pituitary tissue, and increases of over 20% in the expected milk 
yields during the treatment period by mjccting an amount of extract 
equivalent to 2 5 g of the fresh gland, on alternate days for three weeks 
It w as also shown (62) that the galactopoietic effect was not exhibited at 
the peak of lactation, suggesting that at this period the galactopoietic 
hormone or hormone complex was not the limiting factor in milk produc- 
tion, and that extracts of pituitary tissue from different species showed 
very different galactopoietic powers (78) No mformatioQ was given 
on the relative prolactin contents of the latter extracts, but it could be 
stated m respect to the«e experiments too that the augmenting effect was 
not correlated with the variations in prolactin content which might 
normallj be anticipated m the species concerned (34) 

Anj attempted comprehensive account of the endocrinological control 
of milk «ecretion must necessarily be largely a matter of speculation at 
the present time, but it seems probable from the evidence we have at 
hand that the verj complexity and multiplicity of the metabolic processes 
participating in normal milk production maj call for an equally elaborate 
hormonal control Although it is not the purpose of this review to con- 
sider the biochermcal aspects of lactation, for which reference may be 
made to recent accounts by FoUey (67), Petersen (214), and Smith (259), 
it 13 necessary to emphasize that the mammary gland is the seat of many 
complicated syntheses and conversions, and that the plane of its bio- 
chemical activity, which in turn may be one determinant of milk yield, 
will be largely dependent upon the precursor levels supplied to the gland 
bj the blood stream Thus agencies artificially lowering the blood sugar 
concentration have been shown to exert an adverse effect on milk yield 
(113,114) although the opposite effect of an increase m yield following 
an increase in the blood sugar concentration has not been conclusiv ely 
demonstrated (25) \\ e might therefore forecast that three distract 

tj pes of hormonal activ ity may play Iheir part in determining the degree 
of lactation One of these, subserved by prolactin, we may suppose to be 
specific for maramarv parenchyma and incidentally the pigeon crop 
gland epithelium, while the others are connected wuth more general 
phenomena and provide special aspects of membrane and water balance 
control whereby the efficiency with which the gland can utilize a con- 
stant precursor concentration is maintained — ^and of the regulation of 
precursor concentrations, respectively 

Any of these implicated hormonal mechanisms might thus prove a 
limiting factor at some stage of a lactation period, and possibly the rela- 
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tave hormonal adequacies during lactation may vary with the species 
For the cow it w ould seem that the factor which Folley and Young tenta- 
tively idcntifj wnth the pituitary glycotroptc hormone is the one most fre- 
quentlj present in suboptimal amounts, although, as has been observed, 
this IS by no means alwaja the case even m declining lactation The 
special case of the lack of anj galactopoietic response to pituitarj injec- 
tions at the peak of Jactation dunng the first seven weeks after calvmg 
presumably reflects a state m which all participating hormones are m 
adequate supply for most animals and the limiting factor is the inevitable 
and ultimate one of mammary development This view of multiple 
control and the conditioning of yields b> individual limiting factors 
suggests further that to distinguish between those hormones able to 
initiate a lactation and tho«e required for its maintenance maj be arti- 
ficial and unnecessary The distinction is seen to be apparent rather 
than real, the two aspects requmng identical control, but presenting 
phases of the lactation cycle m which different hormones are entailed as 
the limiting factor 

The mechanism mv olv cd m the galactopoietic activ ity brought about 
by gly cotropic extracts of pituitary tissue has no obvious explanation 
on the basis of the known properties of this hormone which does not, 
for instance, increase the arterial blood sugar concentration and cannot 
therefore permit an explanation on the grounds of an increase m precursor 
concentration, but an interesting suggestion arises from work of Jensen 
and Grattan (140), who identify glycotropic and adrenocorticotrophic 
hormones and thus provide a link between tins galactopoietic function m 
normal animals and the stimuli necessary for initiating the secretory 
processes of hypophysectomiicd animals Grattan and Jensen have 
claimed (117) that glycotropic activity is only indirectly mediated by 
the pituitary, being m reality a property of certain adrenocortical hor- 
mones — corticosterone, 17-hydroxycorlicosterone, and 17-hydroxy-ll- 
dehydrocorticosterone, but not desoxycorlicosterone Tins new is not, 
however, undisputed, and there remains a distinct possibility that the 
pituitary can elaborate a glycotropic hormone which acts independently 
of the adrenal glands (119,131,243) The implication of adrenocortical 
hormones in the problems of milk secretion will be further considered m 
the next section 

II. The Adrenal Cortez and Lactation 
Climenko and McChesney (36) have recently claimed an increased 
lactation in pseudopregnant rats ovaneetomieed prior to treatment with 
prolactin when adrenaline or cortical extract injections supplemented 
the treatment The augmentation with cortical extract appears to have 
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been rather dubious, howeverj and the results suggest that m these ani- 
mals, with intact adrenal glands, the cortical hormone or hormones 
necessary for lactation were not limiting the response, or alternatively 
that the extract used n as not nch m such principles The response with 
prolactin and adrenaline, however, possibly provides an interesting 
demonstration of the importance of precursors in determining mammary 
activity, on the warrantable assumption that it was directly dependent 
on an induced hyperglycemia, though the ability of adrenaline to stimu- 
late cortical activity (283) presents an alternative explanation 

Less equivocal results as to the part played by the cortical hormones 
have been gamed by experiments involving adrenalectomy Carr (30) 
reported that rats adrenalectomised either one day before delivery or 
during the postpartum penod when lactation was well established failed 
to maintain their litters and showed a premature drying off of the mam- 
mary glands at autopsy The injection of a cortical extract to similarly 
operated rats failed to act as a satisfactory replacement therapy (31) 
This failure of adrenalectomized animals to lactate or to perpetuate an 
established lactation has been confirmed by Gaunt (102), Bntton and 
Klme (27), and others for the rat, and by Nelson and {3aimt (196) for the 
guinea pig, but the failure of replacement therapy with cortical extracts 
has not been a umform observation Bntton and Klme (27), for instance, 
were able to maintain the growth of litters suckled by adrenalectomized 
paTtunent rats given daily doses of whole adrenal extracts and Swingle 
and Ffiffner (270) claimed that adrenalectomized bitches given cortical 
extract would lactate normally after delivery It should also be noted 
that Cowie and Folley (42) have reported that adrenalectomy in their 
rats has caused a vanable degree of inhibition of lactation in a number of 
separate experiments, the extent of the lactational failure — as judged 
by the "litter growth index” (41) — having a marked negative correla- 
tion with the intensity of lactation in members of simultaneously run 
control groups 

This lack of agreement on the power of adrenocortical preparations 
to mamlam lactation provided a background for the claim made by 
Brownell el al (28) of having demonstrated the existence of a specific 
cortical hormone, distinct from the Iife-maintaining hormone itself, which 
could support lactation To this substance they gave the name cortilac- 
tm mdicatmg that lactogenic activity previously ascribed to the hfe-main- 
tammg hormone was in fact due to this new substance If the existence 
of such an adrenal lactogenic hormone could be established, it is clear 
that a less confusing picture of earlier work would become theoretically 
possible, based on the probability of variations m the cortilactin contents 
of extracts used by different workers In a later paper Spoor et al (264) 
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ha\ e further m\ estigated the properties of cortilactm extracts, and claim 
that the actne principle, like prolactin, ml! stimulate the pigeon crop 
gland, though since Gaunt and Tobm (106) have shown that the latter 
hormone cannot stimulate lactation m adrenalectomized rata the two 
substances are thought to be quite unlike The authenticity of any 
adrenal hormone capable of stimulating the pigeon crop gland has been 
seriously called in question by Hurst et al (136), and at present cortilactm 
must be regarded as a doubtful entity 

The % alue of salt therapy m counteracting to some extent the lacta- 
tional sequelae of adrenalectomy has been stressed by Gaunt and Tobin 
(106), ^sho found that successful lactation occurred m rats adrenalec- 
tomired before parturition and given either salt orally and cortical extract 
injections together, or large injections of the extract alone The authors 
\\ere inclined to believe that the inadequacy of extracts, frequently 
reported, uas really due to the inadequacy of the restorative dosages 
giien to facilitate the supranonnal fluid and electrolyte exchanges 
entailed in milk secretion An increased availabibty of salt on thistheory 
may be supposed to have a sparing action on the amount of cortical hor- 
mone required The authors considered that their results offered no 
e^ idence in support of a second lactogenic hormone of the adrenal cortex, 
separate from the life-maintaimng hormone, but on the other hand their 
work did not controvert such a view and the efficacy of large doses only 
of their extract, in excess of the amounts required to keep the rats alive 
and isell, might be construed as the result of the presence of a specific 
lactation hormone contaminating m small amounts the life maintaining 
principle A confirmation of the importance of salt and water control 
m restoring lactation to adrenalectomized rats has been afforded by the 
histological stud}’ of Leienstein (151) \Vherea3 salt therapy was seen 
to effect a large, but not complete, measure of repair of the mammary 
alveoli and preserved their function, water deprivation brought about 
changes in the normal lactatmg animal xerj similar to those seen m the 
glands of untreated adrenalectomized rats Levenstem considered that 
the changes attending adrenalectomy were not of a magnitude which 
would mdicate the loss of a hormone specifically regulating mammary 
function, and adduced in support of this view , and in favor of secretory 
failure as the result of water imbalance, the fact that secretory activity 
does not cease immediately after operation In contrast to this result, 
Tobm (276) has concluded that salt therapy, although prolonging the 
survival of the adrenalectomized rats, has no effect on the survival of 
their litters, which, he found, died almost as quickly as the litters of 
operated rats given no treatment 

It was clearly necessary, in order to gauge the relative importance, or 
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e\en to dogmatize on the existence, of salt effects and speciBc cortical 
lactation hormones m the processes of mammary secretion, that the 
research should be extended by the use, when they became a%ailable, of 
pure adrenal steroids in the place of the jll-^fined extracts first employed 
“Cortical activity ” has become a \ ague term, relevant to many biological 
manifestations, and in \new of the many different steroids isolated from 
the gland it may rvell prove that control by the adrenal cortex is the 
resultant of the actmties of numerous hormones, each having its omi 
precise function, contributory to the central concept of “cortical activ- 
ity ’ It might be hoped that the study, wth pure substances, of such 
a clear-cut deficiency symptom as the failure of lactation m the adrenalec- 
tomized animal, would be of significance m research on the active steroid 
principles of the adrenal gland, as -well as clarifying an aspect m the con- 
trol of lactation hitherto \ ery poorly undemtood Such an investigation 
has a greater interest because of the claim, already noted (28), that a 
distinct adrenal lactogen — cortilacUn — does exist 

The first attempts to maintain secretion in adrenalectomized animals 
using pure adrenal steroids were made with desoxycorticosterone 
Gaunt (103 104) found that lactation was not maintamed m rats adrenal- 
ectomized within 24 hours of dehveiy and given daily doses of 0 1 to 1 0 
mg of this hormone, although the mothers were free from any obvious 
symptoms of adrenal deficiency, and gamed weight during the experi- 
ment In a later communication using the same substance, Gaunt et al 
(105) obtained results so variable that mean values were of little signifi- 
cance m judging the value of the treatment, 'ome litters starving while 
others grew at a rate approaching that of normal animals m the same 
colony The authors likened their capncious results to those found 
when salt therapy is used and suggested that this particular steroid 
assisted lactation “ only insofar as lactation is improved by the 
maintenance of general well being and health in the mother ’ Since the 
biological actmty of desoxycorticosterone is bound up with sodium and 
chlonde retention and potassium excretion, and not with carbohydrate 
metabohsm, the analogy mth salt therapy is probably apt and may 
deserve more extensive investigation The anomalous results obtained 
mth this hormone have been further complicated by the work of FoUey 
and Cowie (70), who found that, although unable to support a normal 
lactation, as shown by the suboptimal grow’th rates of the litters of 
treated adrenalectomized rats, desoxycorticosterone provided a better 
replacement therapy than other adrenal steroids which they used, and 
gave a survival rate of the young on the twenty first day after birth 
equal to 98% compared with a 69% survival in the case of the young of 
adrenalectomized controls receiving no injections (Fig 3) This work 
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has been confirmed and extended by these authors m a further paper 
(42) IQ nhich they have shoum that the response to desoxj corticosterone 
IS regularly related to the dose gi\cn, in any one experiment In sepa- 
rate experiments however mth different groups of rats the response to a 
given dose may nell vary mdefy, it is of particular interest to note that 
complete restoration of lactation \ras obtained m one of a number of 
groups given 3 mg desoxycorticosterone acetate daily— a result which, 
as the authors remark, gives further grounds for disputing the existence 
of a specific lactogenic hormone of the adrenal cortex 


G 



Fio 3 —Effects of adrenatcctomj and of rcpIacemeBt therapy mCh desorycorti- 
costerone acetate on the growth rates of the litters of rata operated on the fourth day 
alter partunUou Curve I coutrol httere Curve II httera of adrenafectoiuized 
rata given daily doses of 3 mg desoxycorticosterone acetate from day of operation 
Cune III litters of adrenalectonuxed rats Figures in brackets give percentage 
survival of young at twentieth day (From FoUey and Cowie, 70 and Cowie and 
Folley, 42 ) 

Evidence on the role of adrenal steroids in lactation has also been 
gamed from hypophj'sectomized guinea pigs, for which Kelson el al 
(197) found desoxycorticosterone unable to replace cortical extract or 
adrenocorticotrophin in providing the adrenal stimulus, supplementary' 
to prolactin, needed to ensure the successful initiation of milk secretion 
m such operated amtnals It was claimed that, far from promotmg 
lactation, this steroid had marked inhibiting powers, normal intact 
animals prepared for lactation by previous estrogen injections failmg to 
lactate as they would normally do when the estrogen stimulus was with- 
drawn, if desoxycorticosterone was given at this point, on stopping the 
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latter injections lactation began If, too, the desoxycorticosterone 
injections were supplemented with prob^tm injections the milk flow was 
not suppressed, suggestmg that mechanism of inhibition operated 
on the production or release of prolactm from the hypophs’Sis, an action 
considered in greater detail in Section IV, A (page 773), where the inhibi- 
tory properties of estrogens are discussed We may, however, mention 
here the relevant study of Turner and Meites (280) showing that desoxy- 
corticosterone has no effect on the prolactm content of guinea pig pitui- 
tanes This inhibitory action of desoxycorticosterone on lactation m the 
guinea pig should be contrasted with the contrary reports on the absence 
of any mhibitory function of this substance on lactation in the rat (69), 
even when massive daily doses were given 

The action of cortical extract or adrenocorticotrophm in assisting im- 
tiation of lactation by prolactin in hypophysectomized animals a as hon 
e\ er, paralleled, though to a smaller extent, by a second punfied adrenal 
hormone, 17-hydroxy-ll-dehydrocorticosterone (197) (compound E in 
Kendall s alphabetical designation) This substance bad earlier (105) 
been reported to benefit the lactation responses of female rats, adrenalec- 
tomized immediately after parturition, when daily doses of 1 mg were 
administered, e\en to the extent of effecting a normal rate of groivtb m 
the suckling young up to the seventeenth day, at which time the surMval 
was still 100% The same compound was also found to assist to some 
extent the lactation of adrenalectomised rats by Folley and Cowie (70), 
but for their rata the beneficial effect was not as great as that afforded by 
desoxycorticosterone 

Finally a third adrenal steroid, ll-dchydrocorticosterone (compound 
A m Kendall’s alphabetical designation), has been the subject of con- 
ffictmg reports Gaunt el al (105) found that given to parturient 
adrenalectomized rats it allowed complete survival of litters up to the 
sev enteenth day, though the weights of the young were slightly subnormal, 
while Folley and Cowie (70) reported definite deleterious effects on lacta- 
tion as the result of replacement therapy with the same substance, 
adrenalectomized rats which received no treatment at all givmg a better 
percentage survival of young at the twenty first day, and havmg an 
apparently superior milk Bow lor most of the experimental period The 
confirmation of their results with desoxj corticosterone in a later publica- 
tion reporting different conditions of dosage and feeding has led Cowie 
and Folley (43) to the behef that, although the inhibition o! lactation 
following adrenalectomy may not arise from the same primary cause in 
all cases, in their animals the customary partial breakdown of secretion 
could best be ascribed to interference with that mechamsm — the elec- 
trolyte metabolism — with which desoxycorticosterone is particularly 
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concerned In tbs later work however these authors also obserred 
slight beneficial effects on lactation following the injection of ll-deh>- 
drocorticosterone m amounts araaMer than thej had prei lously used 

The frequentlj confusing nature of the results attending the admmis- 
tration of pure adrenal steroids to adrenalectomized animals suggests 
that, as mth the problem of oianan hormones and mammary growth, 
«'e are here dealing with a complex ordering of hormonal influences which 
\arj m their relative importance, both between different species and, 
more surpnsmgly, between any two strams of the same species So far 
any precise definition of adrenal involvement in lactation is be>ond our 
power to give, but it seems probable that it is based upon the proper 
quantilatne relationships between a constant number of adrenal prin- 
ciples, and that variations m response, such os have transpired m the 
work already reported, owe their incidence to variations from those 
quantitative hormonal ratios, secreted by intact or required by adren- 
alectomiied females, which lead to optimal secretion m different individ- 
uals or species The full unraveUing of the adrenocortical role is 
of cour«m greatly complicated bj the further probability that the active 
hormones owe their influence to general effects on carbohydrate metabo- 
lism or body tissues as a w hole and not to any specific effects on mammary 
tissue m particular, for no evidence has yet appeared other than that 
given by Hartman and colleagues (28,264) to suggest the existence of a 
specific adrenal lactation hormone In their lery uncertamty, those 
results already reported m which pure adrenal steroids have been used 
argue against any such powers for the substances mvestigated, rather, 
the> appear to hav e their explanation m differential species and strain 
resistances to the interference with such sj-slemic phenomena as elec- 
trolyte and water balance or to carbohydrate metabolism, which is 
inevitably mvolved in adrenalectomj expenments Replacement ther- 
apy on these considerations becomes a problem of rectifjnng these pnmary 
inadequacies, and vanes in its success as the derangements v ary m their 
relative, as well as their absolute, seventies 

m. The Thyroid and Lactation 

Reference may be made to other reviews {eg , 217) for a survey of the 
many early, though rather sporadic, obsenations dealing with the 
thyroid gland and lactation Here it will be convenient to instance, as 
with a fair accuracy epitomizing these findings, the work of Graham 
(115) This author, testmg the effects of both thyroidectomy and 
thyroid feeding on the milk yield of cows summarized his results as 
follow s thyroidectomy had httle or no significant effect on milk produo 
tion — so far as yield was concerned — for, although there was a defimte 
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decrease foUownag the operation, a similar fall was noted m control 
animals subjected to sham operations only The addition of desiccated 
thyroid to the diets of normal or thyroidectomized cows, provided it v,as 
given in declimng lactation and was not excessive m amount, caused 
definite increases m the yield His conclusion that any effect of the 
thyroids on milk secretion was dependent upon concomitant effects on 
the metabolic rates of the experimental animals, and not concerned with 
the basic hormonal control of lactation per se, has been endorsed and 
elaborated by later workers 

Since Graham’s report nas published the effect of thyroidectomy 
upon lactation, particularly as observed in the rat, has been the subject 
of much contention Ndson and Tobin (203) found that rats thyroidec- 
toraized both during and prior to the onset of pregnancy suckled their 
litters normally, as evidenced by the equality of the growth rates of their 
young nith those of litters of unoperated rats Similar results were 
also obtained nith guinea pigs It was furthermore noted that the 
spontaneous lactation which occurs m guinea pigs on removal of a 
steadily maintained estrogen stimulus was not prevented by thyroidec- 
tomy, and that lactation could not be initiated, nor, where it had already 
started, could it be maintained, in b 3 ^ophysectomized gumea pigs by 
injections of prolactin supplemented by desiccated thyroid given orally 
The latter result, which had been previously demonstrated and reported 
with other cognate observations by Gomez and Turner (111), offers a 
contrast to the successful lactation promoted under similar experimental 
conditions by treatment nith prolactin and cortical extract, which has 
already been discussed The report as a whole indicated that the thyroid 
gland was not to be regarded essential for the processes of lactation, ev en 
though the possibility of its being able to condition the quantitatu e plane 
of secretion under certain conditions could not be prejudged Some of 
these experimental results were contested by Folley (86) with very clear 
demonstrations that lactation was subnormal in his rats, whether they 
were operated before or after parturition Even unilateral thyroidec- 
tomy, he found, caused an inferior growth rate in the litters of rats so 
treated, and incidentally, m his experience, thyroxine did not provide an 
adequate replacement therapy It might transpire, however, that the 
daily thyroxine doses given in his expenments (100 tig ) were too great, 
Row lands (242) hav mg restored normal body grow th in thyroidectomized 
immature rats with doses of a much smaller order (2 5 pg ) The sub- 
sequent claim by Nelson (194) to have confirmed the findings of Nelson 
and Tobm on the normal growth rates of litters from thyroidectomized 
rats, the results of Preheim (216) m wbicb only a slight decrease in milk 
secretion amounting to about 12% of tlm total normal supply was judged 
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to have follows ed thyroidectomy, and results presented by Kamofsky 
(143), substantially in agreement with the tvork of Folley (66), made the 
whole problem assume a formidable complexity 

A duo to the variable factor underlying this lack of agreement is 
given by the report of Folley el ol (79) on the role of the parathyroid 
glands in lactation. It should be understood that thyroidectomy m the 
rat inevitably involves the removal of all the parathjToid glands as well — 
though possibly some small traces of accessory tissue may be left in other 
sites — and, although in his earlier work on the thyroidectomized rat 
Folley (66) had found no alleviation of the inhibitory effect upon lacta- 
tion when parathormone had been administered, the work was now 
repeated — with confirmatory results so far as the disastrous effect of 
thyroidectomy upon lactation was concerned — and partially successful 
substitution therapy was achieved by the use of autoplastic thyroid 
grafts which subsequent histological etammation showed to contain 
parathyroid tissue Parathormone mjcctions gn’en to the rats after 
operation, m amounts much greater than had been used m the earlier 
experiment, also provided a definite, albeit incomplete, therapy Sur- 
prisingly perhaps, this action could not bo enhanced by the simultaneous 
admmistration of thyro\ine but again it seems likely that the thj roxme 
doses used were too high An examination of the tracheae, esophagi, and 
the surroundmg muscular tissues of 20 thyroidectomized animals used 
in this study showed that five had unexcised accessor^’ parathyroid tissue, 
and since this was so the possibility arose that the \ ariations encountered 
in the results of different groups of workers might be due — m the light 
now throwTi on the potential mfluence of the parathyroid gland on milk 
secretion — to variable amounts of this tissue left in stiu in the operated 
animals Different operational techniques or the use of different strains 
of rat might well seiwe to make such an explanation justifiable, though 
of itself it will not of course reconcile the divergent views completely, 
for parathyroid therapy never promoted full, normal milk secretion 
^\Tiether the failure to do this is to be attributed to the use of suboptimal 
or supraoptimal amounts of parathormone or to some other factor, such 
as the need for some measure of thyroid therapy as well, cannot as yet 
be stated; liamofsky (143), for mstance, has arawn attention to tfie 
importance of a satisfactoiy nutritional state in enabling thyroidec- 
tomized rats to suckle their young, while effects of the operation upon 
the qualitative composition of the milk iteelf are to be discussed in a later 
section Incidentally it may be observed here that, although our evi- 
dence on the role of the parathyroid gland in lactation is very scant 
indeed, there have been indications from other sources suggesting its 
participation in this process (29,35), and recently the first unequivocal 
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report on the effect of simple parathyroidectomy on lactation m the rat 
has been pubhshed by Cowie and Folley (40) Rve of six rats so treated 
shoii ed a marked decline m lactation— as judged by the growth rates and 
survival of their litters — while the sixth was unaffected and, m the 
absence of any more plausible explanation, may be assumed to have had 
more abundant accessory parathyroid tissue The inhibition of lacta- 
tion in the five affected rats was almost as severe as that found in com- 
parable thyro- parathyroidectomised animals 

A recent report on the effects of thyroidectomy upon lactation in the 
bovine (263) has indicated that the operation causes a big reduction in 
total milk yield, which could be counteracted by oral administration of 
fresh thyroid tissue The absence of any control sham-operated animals 
in this experiment necessarily detracts from its significance m view of 
the earher observations of Graham (115) 

A far greater measure of unanimity has been realized concerning the 
effect of giving thyroid preparations to normal lactatmg animals, and a 
great deal of experimental work now testifies to the stimulating action of 
these substances on milk yield That the action is almost certainly due 
to the thyroid hormone, thyroxine, was first demonstrated by Graham 
(116), who found substantial increases m yield when this hormone was 
given to cows m declining lactation His results were confirmed by Jack 
and Bechdel (139), Folley and White (85), Herman et cl (129), Hurst 
el al (137), Smith and Dastur (260), and Ralston et al (217), the last- 
named authors reproducing these results for the goat as well as for the 
cow As an example of the measure of the responses obtained we may 
quote the result of daily mjections of 10 mg of thyroxine for fifteen con- 
secutive days which, Folley and White (85) found, raised the total 
aggregate yield from four animals, treated dunng declining lactation, 
over the last seven days of their injection period 28% above the amount 
which might have been expected had not treatment been given (Fig 4) 
Such results clearly were full of promise for the dairy industry and, 
m an attempt to overcome the difficulties presented by the hopelessly 
inadequate available quantities and the expense of naturally occurring 
biologically active material, or of synthetic thyroxine, recourse was 
made to the use oi lodmated proteins — particularly lodocasem — which 
can be prepared cheaply m plentiful supply and show in varying degrees, 
by the oral route, the physiological properties associated with the thyroid 
hormone Reineke and Turner (234), Blaxter (22-24), van Landmgham 
et al (148), and Reece (225) have separately demonstrated the stimula 
tory effects of such active proteins upon milk production For the bear- 
ing these imestigations may have on practical problems of the dairy 
industry and for an estimate of the advantages and hazards which may 
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Fio 4 — (o) Aggregate daily yields of nulk from thyroxine-mjected and control 
groups of cows (6)Meanpercentageof fatiQiniikHBcreteddailybythyToxme-mjected 
and control groups of cows (e) Mean percentage of nonfatty solids in fat-free 

m Ik secreted daJy by thyroa ne-mjected and control groups of cows injected 

controls — — 23% 16% and 4 % above basal values m (a) (W and (c) 
respectively (From Folley and White 85 ) 
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be m\ olved la any large scale and protracted use of this thjTogalacto- 
poietic treatment the reader is referred to the extensive studies of Blaxter 
already quoted One or two points, however, are of immediate relevance 
m connection with our own discussion of the place of the thyroid gland 
in the complex control of lactation 

The general consensus among those who have been working on this 
problem suggests that the degree of stimulation, whether bj thyroid 
feeding thyroxine injection, or lodinatcd protein administration, is sub- 
ject to wide mduidual ^anatlOn and, although this fact alone cannot 
account for all the differences obser\ed, it stands m some relation to the 
stage of lactation at which treatment is begun A greater effect is seen 
in declming lactation than at the peak or end of milk production Insofar 
as the first two of these phases are concerned Blaxter (22) has expressed 
succmctly the view that the effects indicate “ a lower state of 
functional activity per unit of actne mammary tissue durmg late lacta 
tion and a larger amount of active mammary tissue in a higher state of 
functional activity m early lactation ” Thus, although some other 
reasoning will hai e to be adduced to explain the refractoriness of cows 
treated when approaching the end of their normal lactation period, the 
mechanism behmd thyroid inioheroent m lactation is still believed 
primarily to be simply one expression of its general systemic mfiuence on 
metabolic rates The production of a more quickly circulating blood 
stream a richer supply of milk precursors to the gland, and a heightened 
metabolic actnnty of the alveolar cells themselves are the most likely 
properties we can assign this hormone m its relation to milk secretion 
As lactation declines the plane of thyroid activity — as evidenced by 
other cntena — remains constant, and at no stage m the normal animal 
can an augmented yield be obtamed by thyroid treatment without 
increasmg to supranormal levels of activity other body functions such as 
respiiation and the circulation of the blo^ The possibility of regard- 
ing the thjToid therefore as mamtaining a level of activity for the 
mammarj gland which even in the presence of a superabundance of all 
the other lactogenic and galactopoietic hormones, shall limit its function 
ing to a degree commensurate with the. nncmaL matahnljn. of. othia: 
essential organs is attractive and harmonizes with the facts we have 
On this supposition thyroxine of course would never become a limiting 
factor m lactation in the normal animal, but is visuahzed as standing as 
the guardian of bodily resources so that they should not be expended by 
the additional, intrusive claims of mdk production at a rate detrimental 
to the well being of the organism as a whole In contrast to the galacto- 
poielic powers of pituitary extracts which might be regarded as a genuine 
resuscitation of waning mammary activity, the propensity of thvTOxine 
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to stimulate milk secretion could perhaps be most faithfully represented 
as a fe\ercd ^\hlpplng of the whole organism into hyperactivity m the 
cause of benefiting one of its parts an over-all participation to produce a 
very local gam 

The dependence of thyroid activity upon thyrotrophm secretion 
makes a knowledge of the variations undergone by this pituitary hormone 
during lactation of some interest Itcece and Turner (232) ha\ e reported 
a higher pituitary content in beef as opposed to dairy cows, and Turner 
and Cupps (279) ha\ e presented evidence that in the rat pituitary thyro- 
trophm actmtj is higher during lactation than during pregnancy or the 
growth phase of the life cycle The absence of any lactogenic effect m 
pituitarj extracts which could be ascribed confidently to their thjro- 
trophm contents v\as apparent from the work of Folley and Young 
already quoted (8G), and unless new and contradictory evidence is 
brought forward we may assume that thyrotrophm is of importance in 
lactation only to the extent to which its mfluence gives rise to fluctuations 
in th>ro\m secretion One anomalous report in which lactation m the 
guinea pig was diminished by thyrotrophm should be noted (121) 

IV. The Ovarian Hormones and Lactation 
A Ikduction Avn iNniBmos 

Recurrent reference has been made to the lactation induced m guinea 
pigs by the removal of an estrogenic mammary growth stimulus an 
effect which obviously suggests that estrogens should be regarded as 
exerting a suppressive action, preventing the onset of lactation in this 
species Much evidence has accumulated from other, and quite distinct 
experiments, reinforcing this view, and, although the effect of estrogens 
cannot be summarized in quite such simple terms as will be shown it is 
now generaU> conceded that one of the major effects of this group of 
hormones, whether naturally occurring or synthetic, can be a powerful 
inhibition of established lactation It would seem a logical step from 
this to the further conclusions that the initiation of milk secretion is also 
pre*'i?irf<?d diiiring the gest3t.'£vi pensd by Sh9 b.’gb 

known to be present in the body at this time, and that the sudden drop 
m the estrogen titer is sufficient to explain the rapid increa«?e of secretion 
at partuntion , sucli actions would clearly have a close resemblance to the 
estrogen administration and estrogen deprivation effects in the guinea 
pig which we have already mentioned, and which m fact, formed the 
basic tenets of what we may call the estrogen inhibition theory of lacta- 
tion propounded by Nelson (193) to explain the sudden onset of copious 
lactation m partunent animals Nelson conceived the estrogens as 
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exerting their influence both by acting directly on the mammary gland 
itself, and by suppressing the secretion or release of prolactin How- 
e\er, certain other chains of evidence do not accord ivell mth the view 
that estrogens, by themselves, hold the balance of secretion or nonsecre- 
tion m the developed gland, and counter-theones have been proposed 
which giv e them a less prominent place in this control 

The reports of Parkes and Bellerby (207) and of de Jongh (141,142) 
showing that estrogen injections could inhibit lactation in parturient 
mice or rats, and a similar report by Smith and Smith (258) dealmg with 
the rabbit, were the foreruimers of numerous other papers presenting 
closely agreeing results Both Robson (239), using natural estrogens, 
and Noble (205), usmg dietbylstilbestrol, demonstrated a dose-response 
relationship for the inhibitory effect, and shoived also that if the injec- 
tions were withheld lactation recommenced, indicatmg that within the 
limits imposed by their own experimental procedures no permanent 
damage was done to the secretory parenchyma This dependence of 
response upon the estrogen concentration — presumably the estrogen 
concentration m the blood would provide the most relevant figure — 
might explam the results of FoUey and Kon (73) and Fdelmann and 
Gaunt (^), who found the inhibition of lactation to be greater m the 
intact rat given estrogen injections than m the ovanectomized doe 
similarly treated Anselmino and Hoffmann (6) had earlier found no 
decrease in the groiA’th rates of fitters suckled by their injected ovariec- 
tomized rats and sought to explam this by reference to the well known 
action of estrogens in promotmg secretion of the pituitary luteinizmg 
hormone and so corpus luteum formation, suggestmg that a product of 
this ovarian structure, not identified necessanly with progesterone, 
might be held responsible for the mhibitory effects in intact animals, 
rather than estrogen Since the other authors quoted got definite 
depression of secretion m ovanectomized rats, however, while Robson 
(239) and de Jongh (141) have reported complete suppression of lactation 
m ovanectomized mice, the theory seems quite inadequate, and as an 
alternative one might reasonably assume that m an intact animal the 
estrogen concentration, being derived from both endogenous and exoge- 
nous sources might, at any rate at the start of the injection penod, be 
greater than that present in an ovanectomized but othermse comparably 
treated ammal, and that the differential effect observed could be due 
simply to differences in the concentration of this hormone Results 
quoted for the rat at the end of a paper by W alker and Stanlej (285) are 
of interest m this connection It nould seem Iikelj that species differ- 
ences might exist dependent upon two species vanable factors the 
estrogen threshold for inhibitive effects, and the extragonadal estrogen 
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formation m the body The work of Folley and Kon (72) and of Folley 
(69), m which very large injections of progesterone were given to lactating 
rats without affecting their lactation, is of mterest in this connection, but 
the results do not preclude the possibility that this hormone, although 
unable to inhibit lactation by itself, might have this power when in com- 
bination with some optimal concentration of estrogen 

The mterestmg generalization, suggested by Folley and Kon (73) and 
further expounded by Folley (68), that power to inhibit lactation may 
be a property of substances able to cause mammary groirth, particularly 
of the ducts, has perhaps not received the detailed investigation it 
deserves The species variations encountered in work on both these 
problems might, if reinvestigated under conditions ehmmatmg other 
vanables, show correlations of far-reaching significance We may 
instance testosterone, itself both a mammary growth stimulator and 
lactation inhibitor as many reports coming from fundamental research 
and clinical experience confirm (eg, 19,52,53,73,135,146,240), and 
androsterone, a substance unable to affect either mammary growth or 
lactation (73,240) as adding to the credibility of Folley and Kon’s general 
thesis 

Weichert and Kemgan (288) have expressed the opinion that the 
young of estrogemtreated rats do not grow at a reduced rate because of 
failure of the mother’s milk supply, but rather because the mother’s 
solicitude for her young wanes and her maternal care becomes sporadic 
and dilatory Inadequate nutrition follows “a lack of opportunity to 
suckle rather than failure of the mammary glands to secrete ” The 
authors based their argument on the presence of abundant secretion in 
the glands of treated rats whose litters were gromng subnormally This 
explanation has enhanced interest m view of the demonstration by 
Bacsich and Folley (13) that in estrogen treated lactating rats, even 
when no suckling has taken place for some days because of the death of 
the young from inanition, the mammae show no signs of involution, the 
authors state " there was relatively httle disintegration of the 
alveoli Some acmi were distended with coagulated secretion ” 

The inhibition of lactation by estrogens has been confirmed for the 
cow (65,287), while numerous clinical reports have testified to a similar 
action in the human (e g , 14,92,189,218,286), where of course it is espe- 
cially valuable as a method readily enabling the clinician to suppress 
secretion when for some reason breast feedmg is not reqmred or is undesir- 
able Reports denying the power of estrogen, in this particular case 
diethylstilbestrol, to prevent lactation or to affect an established lacta- 
tion, have been published by Abarbanel and Goodfnend (1) and Abar- 
banel and Klein (2), who attnbute the inhibition noted by other workers 
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to the absence of the suckling Btimulus, but in the hght of so much con- 
tradictory evidence it is clear that these reports must be regarded mth 
some scepticism, and the results themseUes as atypical Even though 
cessation of suckling almost certainly is ft contnbutory factor, it seems a 
matter of general climcal experience that mhibition by this means alone 
has nothing of the dramatic suddenness normally associated with estrogen 
treatment The authors’ view that estrogens prevent painful engorge- 
ment of the breast by overcoming vascular and lymph stasis may rcU be 
true but it would seem probable that any reUef so conferred would owe 
something to a similar action upon the flow of milk in the ducts 

That estrogens m addition to their well attested inhibitory function 
should also under shghtly different conditions — pnmanly we believe 
associated with dosage — be able to imtiate milk secretion m nonlactating 
animals undoubtedly provides one of the most paradoxical problems 
that our subject presents The evidence for this denves almost entirely 
from experiments on farm ammats where any significant changes follow- 
ing treatment may be directly measured and are of a quantitative charac- 
ter precluding doubt, sporadic references to a similar phenomenon 
occurring m small laboratory mammals ha%e been made however (93, 
153 223) A paper by Laqueur (149) deals with a comparable^lacto- 
genesis in virgm rats treated with testosterone propionate 

It has already been observed that lactation can be induced m goats 
by dual treatment with estrogen as an agent of mammary growth, and 
prolactin, as a specific for secretion (95,277) The first conclusive demon- 
stration of copious lactation as the result of estrogen treatment alone 
was given later when FoUey et al (80), inuncting the udders of virgin 
goats daily with an ointment containing 1% dietbylstilbestrol dipro- 
pionate caused a flow of milk which at its ma.ximum reached 1500 ml 
daily for one of the animals These results were independently confirmed 
by Lewis and Turner (152), who induced lactation m kids and nonpreg- 
nant goatlings following subcutaneous injection of dietbylstilbestrol, but 
also found that similar treatment given to lactatmg goats was, on the 
contrary attended by a fall in yield The results of FoUey el al (80) 
were fully recorded and extended m a second paper (83) in which the 
lactogenic action of estrogens was explained m terms of a stimulated 
output oi prolactin m response to amounts ol estrogen too small to cause 
inhibition The importance of dosage was clearly shown m a paper by 
Mixner et al (186) m which it was reported that while 0 25 mg diethyl- 
stilbestrol given daily by injection promoted lactation m nonparous 
goats amounts of 1 mg or more w^re inhibitory to animals already 
lactatmg 

Parallel studies on cattle were first reported m 1940 and 1941 by 
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alker and Stanley (284,285), who obtaiaed \ ery promising ynelds from 
two heifers, one gonadectomized and the other phj siologically sterile, 
following repeated injections of dietbylstijbestrol dipropionate either 
alone or in conjunction mth testosterone propionate As m the case of 
the goat it w as noticed that if the estrogen titer rose beyond a certain 
point inhibitorj effects <!ctjn and the yield fell An independent account 
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Fio fi — ^Tjpicdl bovine lactdticm curves follovi'ing trealment with synthetic 
estrogens by tablet implantation Abscissa time m u eeka from start of treatment 
Ordmate yield in lb given as mean values over fortnightly periods Treatment 
stopped at arrows 

of a le«s successful attempt to induce lactation in heifers by inunction of 
the udder region with 1 % dielhylstilbestrol ointment was also reported 
at this time by Folley et al (81), who, although only obtaimng yields of 
the meager order of 100 ml daily, commented on the occurrence of 
regular fluctuations m yield correlated with the different stages of the 
estrous cycle These pioneer results on the artificial mduction of lacta- 
tion m dry, nonpregnant cattle by synthetic estrogens hai e since been 
^ ery amply confirmed by w orkers using a \ ariety of techniques for adimn- 
istenng the estrogen single (208) or continued (224) injections of ester 
forms, subcutaneous implantation of tablets (74,84,127), and oral 
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admimstration (75) have been used, and in varying measure have shoivn 
themselves capable of promoting daily and total yields of the same order 
as those of normal lactation, and therefore of very great interest to the 
dairy industry (Fig 5) The original papers and one or two later, and 
for the most part purely supplementary, reports (49,265) should be con- 
sulted for an appraisal of the relative merits of these vanous procedures 
from the practical point of view Regarded as experiments having a 
bearing on our knowledge of the hormonal control of lactation they may 
safely be treated as a group, and there can be no doubt that each indi- 
vidual case, whatever the mode of treatment, gave or failed to give a 
successful response according to the degree m which the estrogen treat- 
ment elicited or failed to elicit certain endogenous hormonal stimuli pro- 
viding a mechanism of lactogenesis common to them all It is by no 
means certain what hormonal mechanisms the induction of lactation by 
estrogens does involve, but certain general observations stand out 
prominently from the foregoing work which must very clearly affect any 
interpretation we may attempt to give, while the work as a whole baa 
undeniable significance for any consideration of the hormonal forces 
operating to initiate lactation in the normal parturient animal Defer- 
ring for a moment a consideration of this last problem, we may summarize 
the pertinent points arising from the work on artificially induced lactation 
as follows 

First, remembering the power of estrogens to inhibit as ^\ell as to 
promote secretion, comes the question of dosage It would seem a fair 
assessment of the rv ork on this subject to postulate two distinct threshold 
values for estrogenic effects, a lower one, bclo^ which no changes except 
possibly some slight mammary development are observed, but abo^e 
which lactation may be actively promoted pan passu with glandular 
development, and a higher one, above which lactation is inhibited and, 
conceivably, mammary growth too is affected adversely (see Chapter 
XY) This theory implies a range of estrogen concentration, derivable 
from endogenous or exogenous sources and lying between the tu o thresh- 
old values, which might usefully serve to promote the secretion of milk 
from existing glandular tissue, it constitutes an extension, for a particular 
case of the more general theory proposed by PoUey (68) Folley and 
Malpress (74) published estrogen absorption figures for bovines implanted 
with estrogen tablets from which they concluded that a daily absorption 
of 12 mg a as an amount which might be expected to give good lactogenic 
responses in this species, on the other hand an inspection of their figures 
indicates a very wide range of daily absorptions (3 7 to 23 9 mg ) which, 
acting over comparable periods, evoked very substantial lactations, 
while yet again absorptions fall^ well withm this range resulted m 
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negligible yields. A sunilar picture of great variations in response to 
estrogen doses of comparable sise and duration can be gained from a study 
of the other papers on this subject already quoted 

This individual variation forms the second major indication arising 
from the w ork on artiBcial lactation which has a bearing on fundamental 
theory. We may well suppose it to be due, according to the views 
already put forward, to differences in the threshold values for inhibitive 
and lacto^nic effects among animals of the samespecies.differencesu hich 



Fio 6 — ‘DiAgrammatie representation of (he "double threshold''’ theory of 
estrogen aetmtf m lactation, indicating how different responses might be obtained 
from animals having the same systemic estrogen concentration Ordinates systemic 
estrogen concentration, AB. range of estrogen inactivity, BC, range of estrogen 
lactogenic activity, CD, range of estrogen inhibitory activity XXiXrXi systemic 
estrogen concentration curve following estrogen injections at arrows 

quite obviously might produce abnormally large or abnormally small 
interthresbold ranges depending on the sense and degree in which the 
thresholds themselves differ from mean values (see Fig. 6, Nos 1-6). 
Such intraspecies variations might no doubt be reproduced, and to a 
sxteot, is itsavpwy.isiass xoj>6e Bxoooig different ^ecie^. since the 
prolactational estrogen range might theoretically be very 'wide m- 
deed (Fig. 6, No. 3), in which case inhibition mth physiological doses 
of estrogen would prove difficult, or at the other extreme be nonexistent 
(Fig 6, No. 4), in which case the inhibitive threshold would be judged 
to have fallen below a purely hjipothetieal and unrealizable stimulatory 
value. 

The third widespread observation of importance in these experiments 
was the sudden jump in yield wluch often followed the cessation of 
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exogenous estrogen supply This suggests that, e\en Tvhen lactation 
IS satisfactorily induced, the estrc^n titer may eventually become too 
big and pass to the inhibitive range, unless suitable remissions of dose 
are periodically mtroduced 

Granted the correctness of our postulates, the artificial induction of 
lactation by estrogens can non be visualized as a problem primarily of 
mamtainmg the estrogen concentration in the blood, or the body as a 
whole, within certain defined limits, which undoubtedly vary among 
ammals and may vary for any one animal as its lactation proceeds or 
other physiological factors exert an influence The ability of dairy 
animals, for instance, to contmue lactatmg even though a new pregnancy 
intervenes is perhaps an example in which a greater tolerance for estro- 
gen exists due to the raising of the inhibition threshold under special 
circumstances 


E The Initiation op Lactation 
Some mention has already been made of Nelson’s theory n«cnbing 
the suppression of lactation during pregnancy and its onset at partuntion 
to, respectuely, the high and rapidly falling estrogen titers present m the 
body at these times and to the differential effects of high and low estrogen 
titers on the secretion of prolactin The evidence adduced in faior of 
these views was extensively reviewed by Nelson in a series of publications 
(190,191,193), and it will suffice to say here that the theory commanded 
respect for the neat way m which it made use of the two separate experi- 
mental findings — the inhibitory powers of estrogens and the lactogenic 
properties of pituitary extracts— and sought to weld them into a con- 
structive albeit tentative, relationship explammg lactogenesis at parturi- 
tion The theory, however, requires a reassessment before it can be 
accepted as having vahdity at the pre^nt time, for it has been the 
subject of much criticism, and two of the major premises upon which it 
was built have been damagingly challenged 

To take the less serious cnticism first, we now know that estrogens 
are not purely inhibitory with regard to lactogenesis It would seem, 
however, that provided the theory is combined with the supplementary 
conception of threshold values outlined aboie it will still explain the 
remarkable lactational changes at parturition in as simple and plausible 
a manner as any hypothesis yet put forward In fact the theory gams, 
if anything, m the light of this recent evidence, since w e may now assume 
that m passing at partuntion from a high-concentration, inhibitory 
phase, the falling estrogen titers reach an actively lactogenic range in 
which production of prolactin and other lactogenic hormones is stimu- 
lated, a new and more positive expression thus being gu en to the ongmal 
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and purely negatu e ^ lew that prolactin secretion follo’n s passively the 
remo%al of an inhibiting agent The question of a direct inhibitory 
action of estrogens on the mammary gland itself remains a moot point 
but it may bo doubted whether e\idcnce tendered m favor of this view 
such as the inabihtj of purified lactogenic extracts to promote lactation 
nhen injected into pregnant guinea pigs (190), necessarily requires this 
aUeniati\e explanation Indeed, in the same paper the author quotes 
experiments in which lactation m parturient guinea pigs was not stopped 
by estrogen injections prouded a sufficient dose of prolactin nas gnen 
at the ‘5ame time, suggesting that, at an> rate m the first instance, the 
action of estrogens is on the anterior pituitary 

The most vulnerable part of Nelsons theory, however, was his 
assumption, based on cumulative but circumstantial evidence only, that 
the secretion of prolactin actually was "ituppressed bj estrogens If this 
linchpin of his argument were to be proved unsound, the whole theory 
w ould become untenable and it is therefore w ith the reports treating w ith 
this aspect of the problem that we must now deal as possibly affording the 
most searching line of criticism directed at Nelson s original conjectures 
The method usually emplojed for assaying the pituitary lactogenic 
hormone is the response of the pigeon crop gland to injections of the test 
substance or extract The method is considered more fully later, but 
here it IS important to draw attention again to the fact that it is by no 
means sure that the pituitary hormone, or group of hormones responsible 
for initiating secretory proces«e8 in the mammal, is identical with the 
hormone — which we haie throughout defined here as prolactin, or the 
pituitary lactogenic hormone — which causes development of the pigeon 
crop gland, in fact wc have seen that there is reason to believe that the 
lactogenic “factor” may be an anterior pituitary hormone complex 
Current work which bases its argument on such an identity inevitably 
begs a question hav mg the utmost relevance to its final conclusions, and, 
should only partial identity be established between the hormonal agents 
active m these tw o processes, an unconditional acceptance of assay values 
will ine\ itably be found to have prompted interpretations most mislead- 
ing m their import when appfieef to probfems of mammafian secretion 
The u ork of Folley and Young on the galactopoietic qualities of different 
pituitary fractions and the possible involvement of the gljcotropic hor- 
mone m the lactogenic as well as the galactopoietic response, and the 
various reports of the inadequacy of purified pituitary lactogenic prep 
arations to promote lactation in hypophysectomized animals ev en though 
they w ere able to stimulate the pigeon crop gland, are observations which, 

It will be recalled, have pointed to the need for a broader conception of 
pituitary lactogenic control, suggestmg a complex mechanism m which 
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prolactin plays an important — ^perhaps the most important integral 
part 

Bergman et al (20) have attempted to throw some light on this rather 
confusing problem by assaying a pituitary lactogenic extract at different 
Btages of purification by two distinct methods the pigeon crop gland 
response and the initiation of lactation m the glands of pseudopregnant 
rabbits Since the results from both methods changed in a similar way 
with purification, the authors concluded that the same hormone was 
accountable for the respective responses in bird and mammal This 
view was upheld in a later report (21) in which it was shown that, if a 
pituitary extract is subdivided into two fractions, the one rich in prolac- 
tin, and the other poor in prolactin but containing "thyrotropic and 
other hormones," the latter has practically no power to initiate lactation 
m pseudopregnant rabbits, intimating that this ability again is associated 
with prolactin content The argument is not entirely convmcmg how- 
ever, for the authors found that the “thyrotropic and other hormone" 
fraction had a very pronounced power to supplement the rabbit lacto- 
genic response to the prolactin fraction, enabling a given response to be 
obtained with smaller quantities of the latter than were required when 
It was used alone The interpretation that this was due to the power of 
the thyrotropic extract to affect favorably the levels of milk precursors 
seems to be begging the question, and lo any case is no more justified 
than the conclusion that the extract contained an essential lactogenic 
component which was also present, though m suboptimal amounts, in 
the prolactm extract 

However, Turner and his co-workers, from whose pens has come most 
of the cnticism of Nelson’s theory based on quantitative pituitary 
prolactm studies, have been satisfied to interpret pigeon crop gland 
assays as indicative of the total lactogenic potencies of their test pitui- 
tanes — or in other words, their power to imtiate lactation, but the 
problem remains controversial, as may be the more readily judged 
by reference to a critical estimate of the position recently pubhshed by 
Folley and Young (89) Recognition of this fact will be made here by 
referring to the measurements of Turner, and others adopting similar 
experimental avian criteria as assays of prolactin only and not neces- 
sarily of the complete pituitary lactogenic mechanism 

In 1937, Reece and Turner (232) collected much of their work on the 
prolactm contents of the pituitanes of various species in a comprehensive 
research bulletin In this, experiments were quoted leading, amongst 
others, to the following conclusions (1) no sigmficant change takes place 
m the prolactm contents of rat or cattle pituitanes dunng pregnancy 
compared with the values given by nonpregnant animals, (2) for rats and 
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guinea pigs the content is increased during lactation, but for cattle the 
le\el 13 much the same as for dry cons, or during pregnancy, (3) ovariec- 
tomy decreases the hormone le\el, nhile injections of estrogen given to 
normal or o\ anectomized rats or to normal guinea pigs have the opposite 
effect, and (4) a more tentati\e estimate that progesterone exerts no 
effect on the prolactm content of the glands of ovanectomized rats, 
untreated or given estrogen injections, nhen compared with suitable 
control animals 

The first conclusion and the second, in the sense of an increase occur- 
nng after parturition, ha^’e since been confirmed with slight variations 
and the Tiork has been extended to other animals (17,133,179,221,228), 
for the mouse rather higher relatue levels of prolactin were encountered 
during pregnancy than in other species or in the mouse itself dunng non- 
pregnancy (138) The absence of lactation in the face of this increased 
pituitary prolactin content led Hurst and Turner also to conceive a 
doubt as to whether prolactin was the sole hormone concerned m lacto- 
genesis It will be evndent that the continuing low level of prolactm 
dunng pregnancy in most species and its sudden rise at parturition are 
m good agreement with the requirements of the Nelson theory provided 
increased pituitary prolactin signifies its increased production and sot 
inhibition of its release , but it is equally apparent that the results afforded 
by estrogen injection and ovanectomy experiments nie just the opposite 
of what the ongmal theory demanded This work too however, has 
been confirmed (178,219) and Lewis and Turner have further shown that 
diethylstilbestrol when given to ovanectomized multiparous rats acts 
m the same way as the natural estrogens m augmenting the total pituitary 
prolactm content (154) It should be noted that such augmentation is 
normally the result of a dual response, an increase m pituitary size and 
an increase m the amount of prolactm per unit weight of glandular tissue, 
though it IS not unusual for only one of these factors to be involved 
Finally, the progesterone effect has, since tbe first report, been expressed 
m a modified and more provocative form, for, although it was found (181) 
that this hormone itself Lad no direct infiuence on the prolactm content 
of immature female guinea pig piluitanes, it was observed that it could 
dimmish substantially the increase in prolactm promoted m the same 
animals by estrogen injections 

The last fact, together with the other data already given, led Meites 
and Turner to reject Nelson’s theory and to propose an alternative which 
may be briefly summarized in tbe following terms during pregnancy the 
effect of a high estrogen titer on the prolactm content of the pituitary is 
nullified by the simultaneous presence of an active corpus luteum, or of 
corpora lutea, secreting progesterone At parturition the eoipora lutea 
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regress and progesterone secretion stops, thus allowing estrogen to 
increase the prolactin output rapidly and with effect 

The authors’ full argument is contained in four papers (180-182,281) 
in which they summon further experimental evidence in support of their 
views Thus they were unable to show any diminution in the high 
prolactm content of the pituitanes of lactatmg rabbits allowed to become 
pregnant while suckling, and pointed out that according to the estrogen 
inhibition theory a fall m prolactm would clearly be expected in these 
circumstances (181) Further they demonstrated that, even when 
given m very high quantities, diethylstilbestrol was unable to produce 
any lowering of the prolactm concentrations in rat or guinea pig pitui- 
taries m fact even wnth quite unph 3 rsiological concentrations of estrogen 
some increase in this value was always obtained Lastly, from their 
other investigations on this problem we may quote one claim of the very 
highest signiffcance that the increase of pituitary prolactin in male 
rabbits following estrogen treatment has its parallel m a simultaneous 
increase in the blood prolactin, an observation of quite fundamental 
importance to the theory they have developed 

Despite these extensive and objective studies upon which Meites and 
Turner have built their latest theory explainmg the suppression of 
lactation during pregnancy and its onset at parturition, their claims are 
open to various cnticisms which detract from its significance and hamper 
Its acceptance as a worthy substitute for the onginal inhibition theory 
The points which might be raised have for the most part a wide reference 
and affect the interpretation of their results generally, but some are more 
specific and concern single experiments only It will be remembered 
that over all the work looms a doubt of the complete identity of prolactm 
with the pituitary lactogenic hormone or hormone complex, and hence 
the possibility that prolactm assays, taken alone, ate irrelevant to the 
subject under discussion A second general criticism arises from the 
reflections of Hall and Nicolet (124) on the techmque used by Turner 
and his co-workers in assaying the prolactin contents of their test pitui- 
tanes It was shown that the routine method, involving the local intra- 
dermal injection over the pigeon crop gland of suspensions of fresh or 
acetone-dried pituitary material (232) used in T^mer'^s work, may give 
very erroneous and low results when compared with the values given by 
extracts of the same material tested by the same method Indeed it 
appears that the method may only measure 10-20% of the total prolactin 
content present m the suspended tissue It mi^t be hoped that this 
would not affect the comparative values in any group of assays, even 
though absolute values might be at fault, but in a more detailed account 
of the earlier report. Hall (123) states alarmingly that “ local tests 
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of suspensions are a good measure of pituitary tissue dosage but are 
almost useless as a test for total or relnti\e prolactin content,” and 
instances assays on two acetone-dned cattle pituitaries which, tested as 
extracts by the sj-stemic injection method (122) or by the comparative 
local mtradcrmal test, had potencies m the ratio 1 2, hut when assayed 
as suspensions m the latter test had identical potencies 

Thirdly, wc haxe to consider the possibility that the inhibitory action 
of estrogen does not operate solely on the formation of prolactin in the 
pituitary, but on its relea'ie by the pituitary as well, and a sati'^factory 
interpretation of most of the results of Meites and Turner can be founded 
on this supposition, linked always — m view of the dual and opposed roles 
which we recognise that estrogens subserve — with the conception of 
threshold values already propovd Thus the curve showing an opti- 
mum rise in the prolactin content of the pituitanes of small guinea pigs 
given different dosages of estrogen, reproduced here (Fig 7), might 
indicate that m the do«age range below that givnng the peak prolactin 
value, the interthreshold phase of positive lactogenic stimulation and 
normal release is being traversed, while beyond thi«« point the mhibitory 
zone IS reached and the prolactin content falls precipitously Quite 
clearly , if release is hindered pan passu with the formation of prolactin, 
the pituitary content — in theabsenceofany mtraglandulardestruction — 
will cev er fall below the normal v alue, but will approach this figure more 
nearly as the dosage is increased and the nsing estrogen titer m the 
animal's body takes less and less time to pass through the mterthreshold 
prolactational phase before reachingan inhibitory concentration, this is 
exactly what Meites and Turner have observed It is important to 
notice that the fluctuating estrogen titers resulting from daily injections 
wnll in all probability allow long penods of lactogenesis even though 
the absolute amount of estrogen injected may theoretically be amply 
sufficient to cause inhibition («see Fig G, No 7) Meites and Turner 
have m part anticipated these criticisms by their demonstration 
that the blood prolactin content of rabbits increases after estrogen 
administration (17S) An mspection of their figures, however, shows 
that as the estrogen dose rises the blood prolactin increase falls and for 
the maximum dose used, 0 05 mg estrone daily for ten day s— at which 
dose it w ould «eero, by companson with the pubh-shed pituitary prolactin 
dose-respoase cun e for guinea pigs and the few results given for the 
rabbit, that the inhibition threshold of estrogen activity might only just 
have been passed— the blood prolactm assay reveals httle quantitative 
difference from that of a normal uninjected animal 

Fourthly, some comment may be made upon the presumed action of 
progesterone m inhibiting the estrc^nic effect on pituitary prolactin 
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concentrations Meites and Turner (181) showed that for immature 
female gumea pigs this action only occurred when the gravimetnc ratio 
of progesterone to estrogen exceeded 250 1, approximately , and waa only 
marked at much higher levels Even the threshold ratio differs widely 
from the ratio 40 1 which Scharf and Lyons (247) found necessary for 
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Fia 7 — m the piolaetm ecmtenV ot tie pitmlanes ol guinea pigs gi^en 
different doses of diethylstUbestroI (FVom Meites and Turner, 180 ) 

0 0 , smalt guinea pigs (av wt = S37 g ) 

o o, large guinea pigs (av wt 509 g ) 

the satisfactory detelopmeni of the mammary parenchyma m male 
rabbits, a ratio which, as we have shown m the precedmg chapter, may 
have a more general application in problems of mammary growth A 
ratio of roughly 660 1 used m an expenment earned out by Lyons and 
McGinty (163) on a male rabbit resulted m tery inadequate mammary 
growth It IS possible, therefore, that the part which Meites and Turner 
iiould have progesterone play m antagomang the effects of estrogen 
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dunng pregnancy may only be eMnced under abnormal, unphysiological 
conditions and ha\e no connection with hormonal relationships m the 
normal pregnant animal It is interesting to remark in this connection 
that the remo\al of rat ovaries i%bich had been intensely luteinized by 
treatment ^ith chononic gonadotrophin (252) led to an abundant 
secretion of milk from de\ eloped glands An abnormally high proges- 
terone estrogen ratio, which allowed the progeeterone to oiemde the 
effect of an otherwise prolactational estrogen concentration, may reason- 
ably be assumed in these animals Other results of the effect of proges- 
terone on pituitarj prolactin contents have been reported by Reece and 
Bmns (227) 

The ob'servation that an intervening pregnancy has no effect on the 
high pituitary prolactm content of lactatmg rabbits (281) may be tenta 
tivcly cxplamed on the supposition that the estrogen inhibition threshold 
IS raised under such exceptional conditions, a parallel is possibly afforded 
by the fact that, although estri^n values may be high during pregnancy, 
estrous or njunphomamac syrnptoma are not customarily exhibited at 
these times It seems to us the more likely theory that ^ben undue 
ph}*siologicaI strains ha^x to be met, the organism should show some 
powers of accommodation modifying though only m a quantitative sense, 
the normal hormonal responses, rather than, as Turner and Meites sup- 
pose, that “ factors present dunng pregnancy which inhibited 
lactogen (prolactin) production should inhibit (it) just as well 
dunng a period of simultaneous pregnancy and lactation ” It should be 
remembered, too, that the pre'^nce of the placenta adds a comphcation 
to the picture of lactation control dunng pregnancy No clear evidence 
exists that this organ has any influence on the course of lactation in 
lactatmg pregnant animals and the fact that hysterectdmy m the mouse 
at the eleventh day of pregnancy (26), or in the rat (250), is succeeded by 
lactation is probably a reflection of associated changes in the systemic 
estrogen value, rather than any more specific effect, such as the relief of 
utenne distension (118) 

In concluding this criticism of the theory of Meites and Turner we 
note that, uhile they offer no rabcmal explanation of the many instances, 
already quoted in this review, in which estrogens have been shown to 
stop milk secretion, they have proposed m order to reconcile similar 
findings of their own (180,186) to the tenets of theirowntheory, thateither 
a decrease (180) or an increase (186) m the secretion of pituitary hormones, 
other than prolactm, may be held responsible In either case the effect is 
attnbuted to alterations in the availabibty of milk precursors, rather 
than to any specific action on the mammary gland itself We beheve, 
howe^ er, that there are at present no vahd grounds for discardmg the 
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hypothesis that e«trogens can depress tlw active systcraic concentration 
of the pituitary lactogenic complex — ^usmg the term here m its mdest 
sense — provided they are administered m concentrations above the 
inhibitory threshold The records of the beneficial action of pituitary 
extracts given to goats and cattle receiving doses of estrogen which vere 
mimical to milk secretion (77,90,155) offer real support for this view 
Thus it V ould be difficult to explain, on the basis of precursor deficiencies 
alone, the need for anterior pituitary extract in order to initiate secretion 
m some of these estrogen treated animals, while in parenthesis ve may 
add that the ‘'progesterone-overriding effect” could scarcely be operative 
m such cases since the estrogen treatment has been shown to result m 
hypoplasia of the ovaries and functional inactivity (74,127) Folley 
et al (77) have ascribed this action of pituitary extracts entirely to their 
content of the lactogenic hormones, assuming that for such refractory 
beasts the estrogen was administered m quantities sufficient to inhibit 
the lactogenic action of the anterior pituitary and that secretion of these 
hormones i\as the limiting factor conditioning the absence of milk 
secretion Finally the galactopoietic effect observed by these authors 
and by Lems and Turner (155), in goats or cows treated with pituitary 
extracts after the previous induction of lactation by estrogens, iihile 
most readily ascribed to the galactopoietic complex content of the 
extracts might also be explained in terms of lactogenic hormone adminis- 
tration The secretion of prolactin — which we may instance as one 
contributory factor to the total lact^mc effect — ivould probably be 
below maximal m most animals having intertbreshold prolactational con 
centrations of systemic estrogen, and m consequence galactopoiesis 
would be expected to follow any treatment which could raise the sys- 
temic prolactin level Such an interpretation lays special emphasis on 
the authors opinion, already expressed, that lactogenesis and galacto- 
poiesis may be different aspects of the activity of the same pituitary hor- 
monal complex whose components vary in their relative importance both 
in the changing phases of the lactation cycle and, iie might expect, under 
the sometimes artificial conditions of experimental procedure In the 
particular case i\e are considering the possibility that the beneficial 
effect of the pituitary extracts may have been, attcihutjihlft tn pcalantm. — 
rather than glycotropin — clearly cannot be discounted by reference to the 
mabibty of prolactin to give a galactopoietic effect m normally lactating 
cows 

The influence of hormones, other than those of the ovary, upon 
prolactin secretion has not yet received veiy extensive study, but Turner 
and RIeites (280) have reported that injections of desoxycorticosterone 
acetate given to guinea pigs failed to mSuence the pituitary content of 
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this hormone, nhile it was belje\ed (176) that the definite reduction 
which followed adrenalectomy m rats was probably due to secondary 
effects attending the operation, such as the cessation of estrous cycles, 
or a reduced food mtaVe Since, however, the sudden rise of prolactm 
ie^els at parturition was demonstrated for rats adrenalectomized during 
the last week of pregnancj , it was further concluded that failure of lacta- 
tion following this operation was not primarily a matter of prolactin 
deficiency 

A fall m pituitary prolactm has been observed to accompany thyro- 
paratbyroidectomy m male rats (173), but m young goats thyroidectomy 
had no effect on the concentration of tbs hormone, wbch remamed at 
the same level as in normal animals of comparable age (233) 

In view of the common propensities of estrogens and the androgen 
testosterone to promote mammarj growth and to mbbit lactation (73), 
It was obviously desirable to see whether the parallel extended further 
to a like effect on prolactm concentrations, and Eeece and Mixner (229) 
have shown that injections of testosterone propionate into mature 
ovanectomired rats produced a 40% increase in pituitary prolactm 
content The additional fact that androsterone — wbch so far as is 
known has no mammogenic properties— has no power to affect prolactm 
lev ela (222) adds to the ev idence suggesting a more fundamental eonnee- 
tion than we may divine, between the mammogenic and lactogenic 
properties of substances known to be active m one or both of these 
processes 

The prolactm content of pituitanes from rats giv en mjectiona of preg- 
nancy unne was no different from that of controls, while combined 
treatment with pregnancy unne and estrogen led to increased values, 
similar to those found in the pituitanes of rats given estrogen alone (226) 
The latter concordance, hoirever, was not reproduced in the progress of 
lactation m the two groups concerned, and it was recorded that although 
pregnancy unne itself had no apparent effect on milk secretion, it did 
enhance the inbbitory action of estrogen given alone Tbs supple- 
mentary inbbitory effect of cbononic gonadotropbn would seem there- 
/ore be veesseoated Both pralaclia secretion An jnereored mitotic 
activity m the mammary glands of the animals receiving the dual treat- 
ment prompted the authors to postulate a connection between the 
adverse effect on lactation and the additional impetus to growth given 
by the pregnancy unne This report on the action of chonomc gonado- 
trophin on lactation was preceded by a number of earher observations 
of conflicting import (38,67,128), though in general inhibition has been 
demonstrated in intact ammals The mechamsm involved may be con- 
nected with the excessive luteimzation produced in the ovanea by tbs 



790 S J FOLLEY AND P H MALPBESS 

stimulus, and the presence of abnormal progesterone estrogen ratios in 
the body, but this has not yet been ascertained, alternatively the secre- 
tion of estrogen in response to the pregnancy urine may be implicated 
This possibility is rendered more likely by the observation that lactation 
IS inhibited by both pregnancy unne and pregnant mares’ serum m nor- 
nuil, but not in ovariectomised, rats (53) Increased luteinization could 
scarcely be postulated as a cause of the inhibition by the latter gonado- 
trophin The evidence, however, points clearly enough to some form of 
ovarian participation in these responses 

Fmally ne may note reports on the effect of suckling on the prolactm 
content of pituitaries Selye and his collogues (251,255,256) expressed 
the opinion that the production of prolactm might be to some extent 
under the control of nervous mfluences set m tram by the nursing stimu- 
lus, and Meites and Turner (183) have since shown that the prolactm 
levels m the pituitaries of suckled postparlunent rabbits are invariably 
higher than those of aimilar animals whose Utters have been removed at 
birth Although, over long periods the suckbng stimulus thus causes 
an enhanced production of prolactm, it would appear from results of 
Reece and Turner (230,231) that a depletion of the existing hormonal 
supplies IS also entailed as a secondary — but usually masked — effect, 
presumably due to an accelerated release of the hormone One infers 
that the special conditions ruling m these last short-term experiments 
were such as to allow the rate of release of prolactm from the pituitary 
to exceed temporarily its rate of formation m response to the suckling 
stimuli applied, with a resultant fall in the pituitary prolactin contents 
of the suckled rats compared with their controls 

V. The Pancreatic Islets and Lactation 
Brief reference may be made here to the question of a possible inter- 
ference with lactation following pancreatectomy, even m the presence of 
otherwise adequate insulin therapy It will be clear that even though 
no direct action of the pancreas upon normal lactation may be implied 
by the results of such surgical experiments, the essential part played by 
insulin m the intermediary metabolism of carbohydrates will inevitably 
confer upon this gland the power to inOuence lactation indirectly through 
precursor levels In accordance with the view that an indirect effect 
only exists, Markowitz and Simpson (168) and Cuthbert et al (45) have 
claimed that pancreatectomized bitches injected with insulin have been 
mamtamed through normal pregnancies and have subsequently lactated 
satisfactorily The subclinical glycosuria shown by these animals 
throughout the period of injection was markedly decreased during lacta- 
tion and a transitory, but pronounced, hypoglycemia was reported by 
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Marlomtr and Simpson m one animal, this effect can of course be readily 
explained by the need for glucose at this time for the synthesis of lactose 
Contrary evidence has been presented by Markowitz and Soskin (169), 
who found that two pancreatectomized bitches, maintained with insulin, 
which littered normally w ere unable to rear their pups, it seems possible — 
especially in the light of the interpretation giv en below of the later reports 
by Chaikoff and Lyons (33) and Nelson tt al (198)— that, for some 
reason, poor mammary development was the true cause of the inadequate 
lactation 

Chaikoff and Ljons (33), using dcpancreatized dogs kept alive by 
insulin, found that only one out of six operated animals was stimulated 
to lactation by injections of pituitary lactogenic hormone, although it 
was given in amounts more than sulBcient to cause milk secretion m four 
unoperated animals Nelsonetof (198), however, m similar experiments 
found that Jactation ioUomog prolactin injections was always obtained 
in those animals hav mg some measure of mammary development, and 
that, of their nine experimental bitches, the four which failed to lactate 
were those whose glands were involuted when examined prior to the 
initiation of treatment 

From the<e results it would seem unwarranted to ascribe any speci&c 
lactogenic role to pancreatic secretions, but no final judgement can of 
course be made until experiments yielding more explicit quantitative 
data are reported 

VI. The Posterior Pituitary and Lactation 

Early work, associated mth the names of Ott and Scott (206), 
Schafer (244,245), Mackenzie (167), Schafer and Mackenzie (246), 
Hammond (125), Turner and Slaughter (282), and Smith (261), con- 
cemmg the relationship between the posterior pituitary gland and lacta- 
tion has been recently reviewed b> Folley (67) and by Petersen (212) 
As a result of these researches it wos evident that this gland, while 
plajong no direct part in the secretorj actmty of the alveolar cells, was 
important in the so-called "let-down" of milk, the latter term is in com- 
mon use and recognizes the fact that the full milk yield from lactatmg 
animals can only be obtained when normal milking or nursing stimuli 
are applied Cannulation of the teat of the cow or goat for instance, 
wilt not give the maximal yield which, it seems from the researches of 
Maxwell and Rothera (170), Gaines (97), and Tgetgel (274,275), is 
dependent on an increase in the mtraduct milk pressure — closely asso- 
ciated m practice w ith reflex stimuli arising from teat or nipple manipula- 
tjOQ — whereby strong capillary forces present in the smaller milk 
channels being overcome, the milk is pressed out into the larger ducts, and 
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SO to the milk cistern Writing m 1940, however, Folley was only able to 
relate these observations on the posterior pituitary gland to the normal 
milkmg or suckling processes in a noncommittal way, remarking that 
"There remains the interesting possibility, as yet unsupported by any 
experimental evidence, that the posterior lobe of the pitmtarj gland may 
play a part in the discharge of milk from the mammary gland during 
normal suckling" (67) 

Some further advance has been made since this time, mainly due to 
the nork of Ely and Petersen (55), who, by a suitable unilateral sym- 
pathectomy operation removed the source of efferent nervous stimuli 
to one half of the bovine udder This denervation had no effect on the 
processes of milk ejection, which could thus be confidently ascribed — 
as regards the terminal phase of its control — to hormonal influences in 
the normal animal, m support of this contention the authors were able 
to demonstrate an inhibition of "let dotvn" in these animals follow mg 
adrenaline injections and an equally rapid countering of this action m 
response to posterior pituitary extracts The theory w as advanced that 
the normal release of milk is caused by afferent stimuli — not necessarily 
arising from the udder alone — causing the posterior lobe to secrete the 
oxytocic principle which in turn acts upon smooth muscle-like tissue 
(mj oepithehum’) supposed to he m close contact with the alveoli Evi- 
dence for the existence of such contractile elements has recently been pre- 
sented bv Swanson and Turner (269) The accordance between the 
predicted and observed results of several practical milking tests in which 
different manipulative techniques w ere uskl (185) strengthened the behef 
m the theory as illustrative of a fundamental mechanism in milking proc- 
esses Petersen and Ludwick (215) have shown further that, if a sur- 
viving excised bovme udder is perfused with blood from a cow prexiously 
stimulated to "let down" her milk by appropriate handling an immediate 
flow of milk from the perfused gland results, while blood from unstimu- 
lated cows evokes no such resjionse Both pitocin and pitressin are 
active in causing ejection of milk from the perfused bovine udder (213) or 
from the glands of lactatmg rabbits (278), the former being the more 
active However, although injection of these substances permits a more 
complete evacuation of the gland at a single milking it seems certain that 
their continued use oi er a period has no substantial direct effect on yield 
or fat secretion— that is, no galactopoietic effect (257) , Knodt and Peter- 
sen (145) however, believe that it has an mdirect mfluence and that a 
falling j leld might be a result of the habitual retention of some milk in 
the gland due for example to faulty milking technique or to some idio- 
syncrasy of the cow They suggest that such incomplete ejection and its 
indirect depressive effect on milk production might be overcome by 
pitocm injections 
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An interesting report by Gome* (107) males the claim, in harmony 
with the views of Petersen and hia co-workers, that replacement therapy 
IS greatly improi ed m hypophj'sectomited lactatmg rats given anterior 
pituitarj* extract, adrenal cortical extract and glucose, by the additional 
regular administration of posterior lobe extract 

These views on hormonal mediation m that phase of lactation con- 
cerned w ith the release of the stored milk, call for therevision of the earlier 
concept of purely nervous control postulated by many authors, and in 
particular by Hammond (126), who suggested that the ejection of mdlf 
may best be regarded as an acti\e process brought about by nervous 
reflexes, “ causmg erection of the udder and so pressure on the milk 
contained m the ducts," and gave incidentally a valuable appraisal of the 
earlier work pertinent to this subject 

Dempsej and Uotila (50), Herold (130), and Dcsclin (51) have smce 
given conflicting accounts of the effect of pituitary stalk section on lacta- 
tion in the rat The two last-named authors found that rats so treated 
failed to lactate despite vigorous suckling stimuli, and concluded that 
nerixius impulses essential to lactation pass to the pituitary via the 
pituitary stalk Dempsey and Uotila however claimed that any defi- 
ciency could be attributed to inadvertant damage of the anterior lobe 
and not to denervation, and concluded that stalk section does not inter- 
fere with normal lactation, a view which agrees well with reports by 
Smith (261) and Houssay (134) that lactation can take place successfully 
in the rat and bitch after the posterior pUuitar>’ has been removed 
In view of the claims and counterclaims on fundamental issues and 
the demonstration by Selje and co-workers (see 251) that some measure 
of ne^^ou3 control — "the suckling stimulus" — is implicated m the secre- 
tion of the lactogenic hormone from the anterior pituitary, it is not clear 
whether failure to lactate after stalk section is to be attributed to removal 
of afferent impulses to the posterior lobe, or is a reflection of deficient 
secretion of the hormones of the lactogenic complex resultmg from sup- 
pression of stimuli to the antenor pituitary In any case, the need for 
further careful work m this fidd calls for no special emphasis Mean- 
while the authors, from their critical but purely theoretical evaluation 
of the work bearing on this problem, are inclined to accept the views of 
Ely and Petersen, already considered, that the posterior pituitary gland 
13 an essential factor in a neurobormonal arc controlling the "let-down ” 
or "conditioned release" of milk already secreted and stored in the 
mammary tissues 

vn. The Hormonal Control of Milk Composition 
The various hormonal factors influencing Jactation have so far been 
reviewed wth regard to then power to alter milk yields, but the effect 
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these substances may have on the composition of the milk secreted is 
clearly of equal importance and may have far-reachmg significance in 
questions of mammary gland metabohsm Here v,e shall not deal with 
this biochemical aspect of hormonal mtervention, merely reporting the 
compositional changes that have been recorded and notmg that their 
source might be in still more fundamental changes m blood precursor 
levels, or m the specific action of hormones upon qualitative or quantita- 
tive aspects of mammary gland metabolism 

Sykes et al (273) have reported that an anterior pituitary extract, 
given to cows m declming lactation for five-day penods, caused marked 
increases in both the total fat production and m the percentage of fat 
present in the rmllr This provided a confirmation of the earlier work 
by Folley and Young (87), who also recorded a marked nsein fat produc- 
tion with one particular extract, but were unable to correlate it with 
certainty to the presence of any particular hypophyseal hormone in their 
extracts A more recent report by Sykes et al (272) has shown that 
prolonged courses of injections with certam anterior pituitary extracts 
may lead, after the imtial favorable effect, to adverse changes in milk 
composition, including dramatic falls m fat content It seems clear that 
the hormones present m the particular extract used in these experiments 
conditions the response, and the tise of purer preparations, or at least 
the fuller characterization of extracts in terms of their hormonal contents, 
must be a etne qua non of further research in this field 

The power of thyroxine to increase the total yield of milk fat, and 
also Its percentage content, is well recognized, and the first detailed 
reports by Graham (115) have since been amply confirmed (85,129,217) 
Since the fat percentage is raised, the effect of thj’Toxine on this con- 
stituent must exceed that on yield itself and a differential action favor- 
able to fat secretion must be envisaged Further evidence has more 
recently come from milk samples taken from cows fed lodinated proteins 
Remeke and Turner (234), van Landmgham et al (148), and Reece (225) 
have reported very defimte increases in this milL constituent m samples 
taken from treated goats or cows Smith and Dastur (260) have ana- 
lyzed the milk fat given by cows injected with thyroxine and have foxmd 
no important change m its chemical nature 

Thyroidectomy performed on cons reduced the total fat yield by 
75%, but this was due to the fallmg milk yield and not to any appreciable 
change m the percentage fat content of samples, which, like the nonfatty 
solids, remamed unaffected (263), calcium and phosphorus contents of 
the milk were lowered by thyroidectomy in the goat (63) 

The action of thyroxine on nonfatty solids secretion has been reported 
by some workers to be of small significance, but Folley and White (85) 
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and later, Blaxtcr (23,24) ba\ e demonstrated quite clearly that for cows, 
although relati\ely much smaller than the effect on fat secretion, a 
definite increase in the percentage of nonfattj solids is caused, provided 
the calculations are made on the basts of fat*free milk 

The increase in the milk solids content, or “ennchment” effect of 
estrogens on lactation in the cow xvas first described bj Folley (65), who 
later extended his first obser\ations, made with natural estrogens, to 
similar experiments with diethylstilbestrol (82) With many of his 
animals the effect was complicated by concurrent falls in the volume of 
milk produced, but some showed clear-cut increases in both the total fat 
and total nonfatty solid values over long periods and in these cases a 
true galactopoicsis may be deemed to ha\ e occurred The “enrichment " 
effect has been confirmed by Sptelman et al (262) The closely allied 
problem of the artificial induction of lactation by estrogens has led, from 
the practical point of iien, to production of milkfrombotb goats and cows 
of excellent chemical composition (76,83), the first milk secreted has 
invariably been of colostra! type, but m those coses m n hich lactation 
has been successfully induced the composition has rapidly become norma] 
with respect to all Us major constituents 

Vm Assay and Physiological Properties of Prolactin 

As an addendum to this discussion of hormones and lactation it is 
proposed to give a brief account of recent work concerned with the assay 
and pb>aiological responses to the pigeon-crop-gland-stimulatmg hor- 
mone*-ppolactin Work done to the end of the last decade has been 
authoritatively reviewed by Riddle and Bates (235), and the reader is 
referred to this excellent statement for a systematic reMei\ of the subject 
up to this lime Problems of interest m the chemistry of prolactin and 
its preparation ore considered in another chapter of this book, but 
reference may be made here to the reported detection of the hormone 
outsidethepituitarygland itself — notably in unne (164,177), blood (150), 
li\er (44), and placenta (54) Jnconclusive evidence, which pomts to 
the eosuiophil cells of the pituitary as the source of the hormone has been 
presented by Azimov and Altman (12), Sdiooley and Riddle (248) and 
Friedman end Hall (96) 

Of the two general methods used for quantitative assay, the 
stimulation of the crop gland m pigeons or doves and the induction of 
lactation in the pseudopregnant rabbit or the hysterectomized guinea 
pig, the former has been oi enrhelmingly the most popular, for, although 
bearing a less obvious relationship to problems of mammalian lactation 
and yielding assay values which only with important reservations can 
be proffered as a measure of the mammalian lactogenic hormone complex, 
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m most of its forms it has a more objective basis, is simpler m execution, 
and IS independent of other subsidiary or predisposing hormone mecha- 
nisms The method has, however, a number of variants, and results 
obtained using one technique have not been readily translatable into the 
unitage given by another, the need being manifest for a standard prepara- 
tion of prolactin uhich should be internationally recognized and used in 
comparative work This need has now been met and an international 
unit defined as "the specific activity contained m 0 1 milligram ( = 100 
gamma) of the standard preparation ” Comparative assays ivith this 
standard and results expressed in this unitage are only accepted as valid 
when tests " ivhich depend on the measurement or observation of 
growth produced m the crop gland of the pigeon or dove, Tihether as the 
result of systemic or of local administration" are used (56,184) 

The variants of the crop gland test may be subdivided into (1) tests 
v.hich depend on the determination of weight changes m the stimulated 
glands as the result of systemic injections, as originally proposed by 
Riddle eJ al (237), (S) tests which depend on a minimal stimulation of 
the crop gland follow mg systemic injections (174), and (5) those involving 
a mmimal or otherwise defined, stimulation after local intradermal 
injections immediately over the crop gland, as first suggested by Lyons 
and Page (164) and modified by Reece and Turner (232) The method 
of choice IS largely a matter of the personal preference of the worker 
concerned except that the last may be used to detect far smaller amounts 
of the hormone, and also lends itself to comparative studies on the same 
bird since ivithin limits the injection stimulates only that gland imme 
diately beneath the injection site, leaving the other free either as an 
untreated control gland or, for example, for simultaneous proliferation 
by a standard prolactin preparation 

The value of the results obtained by these tests depends on a rigid 
standardization of procedure for any comparative senes, since factors 
such as the route and volume of the injections and the age and strain of 
the birds used may inSuence the response in greater or less degree A 
consideration of such variables, of their effect on response, of the experi- 
mental indications which bear ujion their minimization, and the con 
struction of suitable dose-response curves for different experimental 
conditions has continued to engage the attention of workers in this field, 
as comprehensive studies by FoUey et al (71) and Hall (122) on the crop 
weight assay, and by Hall (123) on the local, intradermal injection test 
bear witness Supplementary studies on individual factors affecting 
the crop weight response have been made by Bates et al (18) on the use 
of different races or strams of doves and pigeons, by Bates and Riddle 
(16) on seasonal variations m response, and by Friedman and Hall (96) 
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on the influence of contaminating inert material m the extracts tested 
Bates and Riddle (15) ha\e also in\estigatcd the effect of altering the 
\ olume of the injected extract in the local mtradermal test, and found 
that great x ariations of response could be caused thereby, but this has 
been disputed by Sfeitcs et al (175) Finally Lahr ei al (147) have 
reported that larious substances of both biological and nonbiological 
origin haxe the poner of producing nonspecific stimulation of the crop 
gland in the local teat, though the concentrations required are not such 
as to prejudice the x alue of the method os effectiv ely specific for prolac- 
tin The authors do point out, howexer, that the extreme sensitivity of 
this test may one something to the fact that wound effects incidental 
to the intradermal injection ma 3 fall onl^ slightly below the threshold 
for a positixe response 

Bergman cl al (20) have reported a comparatne study m which a 
quantitative relationship was sought between the units m which the 
results of various kinds of pigeon assays and of the pseudopregnant 
rabbit assay have in the past been expressed Their findings were 
related to the international iioit lo a later publication (175), when more 
particularly the amounts of the international standard preparation 
required to guc minimal stimulation of the crop gland under defined 
conditions, by subcutaneous, shallow intrapcctoral and local intradermal 
injections, viere determined They were, respectiv el> , 10, 125, and 
0 000 I U L 3 oos (15S) too has given results obtained w ith the interna- 
tional standard preparation, m which it was compared with other prepara- 
tions of greater potency An account of on assay based on the imtiation 
of lactation in the \ irgin guinea pig is also given, and it is noted that 
the relative effectiv e amounts of the preparations used differed for the 
guinea pig and pigeon crop gland tests, a finding which vindicates the 
limitations attached to the use of the mteraational umt 

In their general account of prolactin, Riddle and Bates (235) consider 
the physiological properties of this hormone under a v anety of headings 
lactation, crop sac stimulation, the ability to promote an exhibition of the 
instinct of maternal behavior in rats or of broodiness in fowls, the power 
to affect adversely the normal activity of the testis and ovary ("anti 
gonad" action), the effect on basal metabolic rate m thyroidectomized 
pigeons (calorigenic action), the promotion of body growth, splanch- 
uomegaly, and effect on carbobjdrate metabolism There is now ample 
evidence that a further property must be added to this list — that of 
mamtammg functional activity of the corpus luteum Tins may prove 
to be related to the "anti-gonad" effect mentioned above 

Astwood (11) showed that certain pituitary extracts were "luteo- 
trophic," permittmg the corpora lutea of normal estrogen-treated rats 



798 6 J FOLLET AND T H MALPEESS 

and of hypophysectomized rats to continue functioning, as evidenced by 
the persistence of vaginal mueification He considered the luteotrophic 
hormone to be allied m its physical characteristics i\ith lactogenic and 
adrenocorticotrophic, hormones, it now seems highly probable that the 
action he observed can be directly related— insofar as the underlying 
hormonal mechanisms are concerned — to the production of traumatic 
placentoma m rats whose lutem tissue has been activated to the secretion 
of progesterone by pituitary lactogenic hormone injections (59,60) 
Cutuly (46-48) has swelled the evidence pomting to a luteotrophic action 
of prolactin by maintammg pregnancy with this hormone in rats mated 
and then hs^iophysectomized either before or after implantation of the 
ovum, some reason for believing that this action is not entirely specific 
for prolactm, but may be shared, m part at least, by the gonadotrophic 
hormones of the pituitary, nas also given bj this author The conten- 
tion, so far as prolactin is concerned, honever, has been mdely upheld by 
later workers (61,64,132,156,165,201,271) some of them using different 
criteria of luteal activity, for example mammary growth (101,165) It 
provides an interesting speculation that the absence of copious lactation 
during pregnancy, even in the presence of developed mammary tissue 
and a moderate amount of pituitary prolactm, may owe something to the 
need for this hormone to act as a luteotrophic agent durmg this period, 
an action which, as has been indicated earlier m this chapter, also implies 
a very essential role for prolactm m the processes of mammary growth 

Hus and tbe previous chapter on the mammary gland were completed in Feb- 
ruary, 1946 No v.oTk haa been published in the intervening two years which necea- 
aitates any senous revision of the concepts discussed in either chapter, unless we except 
the contention of Fauvet (e g , Arch Gynakct 171, 342 1941) that estrogens in non- 
toxic doses do not inhibit lactation in the rat save in the presence of progesterone (see 
also Barsantuu and Masson, Endocrinology 41, 299, 1947) Nevertheless we think it 
desirable to refer readers who may be interested in citations of some relevant papers 
which have been published or have come to hand sance the present contributions ■were 
prepared, to a Symposium of articles on Lactation which has been published in a 
recent issue of The British Aledical BuUclm 

The Symposium contains reviews on structural features of mammary tissues by 
K. C Richardson (Brtl Med BuU 6,123, 1947),on theendocrine control of mammary 
development {Bnt Med Bull 6, 130 1947) and of lactation {Bril Med Bull 6, 135, 
1947) byS J FoUey, on experimental galactopoieaia by F G koungfBrtt Med Bull 
B, 155, 1947) and on the expenmental induction of lactation by F H Malpress {Bril 
Med Bull 6, 161,1947) In addition mention should be made of the inclusion of a 
review on the nervous system and lactation by S J Folley (Bril Med Bull 6, 142, 
1947), since, as far as we are aware, this is the only extensive contemporarj review 
of this aspect of lactational physiology which has so far appeared It is relevant to 
the topics discussed m the present contributions because it mainly deals, in greater 
detail than was possible in this book, with nenrohormonal mechanisms involving the 
evocation, by suckling or nuramg stimuli, of the secretion of anterior pituitary hormones 
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concerned m Uctogencsis and galaetopoiesis on the one hand, and on the other with 
the postulated inTolvement o( posterior lolio factors m the mechanistn governing the 
expulsion of milk from the alveolar tissues (and its subsequent withdrawal from the 
mammary gland) at milking time 
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470, 477 

progesterone from, 453 
pure hormone from, 2 
lactation and, 761-767 
masculicuzation due to h>pera(.tiMty 
of, 421 

relation between unnary reducing 
capacity and function of, 610, 611 
Adrenal glands, 

as source of estrogens, 380, 381, 3S5 
effect of diseases of, on urinary excre- 
tion of pregnane-3(a),20(a)-diol, 
449 

on biological conversion of androgens 
into estrogens, 39S 
carbohydrate metabolism, 327 
total metabobsm, 317 
isolation of allopregnanolones from, 
448 

progesterone from, 447 
pure hormone from, 2 
relation to parathyroid glands, 278 
Adrenalectomy, 

effect on mammarj gland, 713 
pituitary prolactm, 789 
inhibitory effect on lactation, 762 
Adrenalme, 

846 
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action aa neurohormoce, 2 
Adrenocortical extracts, 
actiMty of amorphous fractions of, 
592, 593 

combined action of, and prolactin on 
lactation following hypophysec- 
tomj , 76S 

metabolism of, C02ff 
occurrence of 17 hidroxy-ll-dehydro- 
corticostcrone in, 551, 552 
preparation of, 55t>*552 
Xdrcnocortical hormones, 
see under Adrenocortical steroids, and 
under name of indixiduat com- 
pounds 

Adrenocortical steroids, see also under 
name of indiMduai compounds 
biological roni ersion to 17 ketosteroids, 
52&-534 

chemical structure and actn ity of, 562, 
563, 596-601 
ehemistr) of, 522-COl 
cholesterol as precursor of, 621, 622 
cooibiaed action of, and pralaetin on 
lactation following bypophysec- 
tomy, 756 

configuration of, 561, 564-667, $70- 
674, $75 

reduction products, 423 
effect of ascorbic acid on the biological 
eon> ersion of cholesterol to, 622, 
623 

on lactation, 764-767 
mammary growth, 712S , 723 
from desox} chobc acid, 574-578 
etiocholanic acids, 412 
lactogenic properties, 757, 758 
metabolism of, 602-623 
methods of uolation, 660 
oxidation of, 563 
structure of, 557-596 
urinary excretion of metabolites, 602- 
613, 620, 621 

as index of adrenocortical func- 
tion, 602, 606 
Adrenosterone, 
activity of, 470 

biological conversion of adrenal ster- 
oids to, $32 

from desoxyebohe acid, 589-592 


17-hydro xy-ll-dehydrocorticoste 
rone, 663 

isolation from adrenal cortex, 470, 477 
physical properties, 556 
Adrenotrophjc hormone, of aotenor pitui- 
tary, 665-674 
bioassay of, 665, 666, 670 
composition of, 671, 6S7 
effect of formaldehjde on, 673 
iodine OD, 673 
Icetene on, 672 
mtroua acid on, 672 
trypsin on 673 

isolation from sheep piluitanes, 667, 
670 

swine pituitanes, 667 
physicochemical properties 670-672, 
£86 

aolubibty, 671 
stability, 671 

Aeachtfrtomene tttdtea, isolation of wound 
horrocme from, 70 

AiUathus isolation of hexenal from, 82 
Alamne, in insulin, 308 
Alcohol, inactivation of insulin by acid, 
310 

Aldehydes, reaction with msulm, 311 
Alimentary tract, effect of enterogas- 
trone on resistance of, to ulcerative 
lesions, 229-231 

Alkab, inactivation of insuhn by, 309 
AUatcctomy, 

effect on egg development in insects, 
140 

lepidoptera larvae, 133 
postembryonie development of in 
sects, 132, 133 
tissue growth, 146 

AUeu-Doisy method, for estrogen assay, 
342, 344 
AUopregnane, 
con£guration of, 561 
from corticosterone, 563 
structure of, 561 

AUopregnane derivatives, reactivity of 
functional groups, 430 
stereoisomenzation of, 429 
Alloptegnane-3(al,20a!-diot, 
soitfce of, 481, 619, 620 
AUopre^a&e-3(6),20a>diol, 
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source of, 619 
AUopregnane-3(/3) ,20^iol, 
source of, 459, 620 
AUopregnanediols, 
sources of, 449, 459, 460 
AIIopregnane-3C0),2I <iiQl-ll,20-dione, 
physical properties, 554 
source of, 554 

AUopregnane 3{a),17“a”-diol 20-one, 
metabolism of, 607 
AlIopregnane-3(fl),17“^”-diol 20-one, 
biological conversions of, 522, 533 
phjsical properties, 555 
Allopregnane-3,20-dtoiie, 
configuration of reduction products, 
427 

conversion to progesterone, 417-419 
source of, 620 

AUopregnane 3(^),U(j3),l7 '0 ’,20,21» 
pentol, 

biological conversions of, 527, 52$ 
physical properties, 553 
source of, 527, 553 

AUopregnane-8(d),17 ‘/J'’,20d,2I*tetrol, 
biological conversions of, 530, 531 
physical properties, 554 
source, 664 

AUopregnane.3{«),ll,l7‘'d’',2l tetrol 29- 
one, 

biological conversions of, 627-529, 
530, 531 
source of, 527 

Allopregnsne-3(^),17 '^’',20,21 tetrol 11 
one, 

biological conversions of, 527-529 
source of, 527 

AlIopregnai.e-3(i9),llW),17''fl”,21 tctrol- 

20-one, 

physical properties, 553 
source of, 553 

Allopregnane-3(a),16,20-triol, 
source of, 450, 620 
structure of, 451 

AlIopregnane-3(5),17 '^'’,20(a)-tnol, 
biological conversions of, 532-633 
Allopregnanc-3(^),17 ’/S”, 20(^1 tnol, 
biological conversions of, 532-533 
physical properties of, 555 

Allo^regnane-3((S),17‘5’'21.trioI.ll,ai- 


biological con\ ersions of, 527-529 
physical properties of, 653 
source of, 527, 553 

Allopregnane-3(^),ll{^),21-triol 29-one, 
biological conversions of, 539-532 
physical properties of, 554 
source of, 554 

Allopregnane-3{5),17“^”,21-tnol-29-one, 
metabolism, 607 
physical properties of, 554 
source of, 554 
Allopregnan-3(a)-ol.29^5ne, 
source of, 620 
Allopregnan-3(3}-ol 20-one, 
isolation from swme testis, 4S1 
physical properties of, 556 
source of, 620 

Allopregnanolones, sources of, 448 
A'-AllopregneDe-3,20-dione, 
activity of, 445 
partial synthesis of, 445 
A*^A13oprefBeae-3,2Wjone, 
activity of, 445 
from tigogemn, 411 
partial synthesis of, 445 
A**-AJlopregnen-3{5)-el 3-one, 
source of, 450 

Alloxan, diabetes melhtus due to admin- 
istration of, 321 
Ammo acids, 
in insulin, 308 
leaf growth activity of, 99 
root-forming activity of, 111 
transport through plant tissue, 28 
l-Ammonaphthalene-B-suIfonic acid, con- 
version to equifenm, 352 
Ammonium, 

effect on root formation, 37 
Amphibians, effect of pregnemnolone on 
sexual development of, 540 
testosterone on, 540 
Andrena, 

effects of parasitic castration on, 138 
Androgens, see also under name of 
individual compounds 
absorption from gastromtestinal tract, 
518 

through skin, 519 
activators of, 493 
anabolism of, 519 
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aotagomsm of estrogens to, 538 
of, to estrogens, 539 
bioassay of, liy the capon’s comb 
method, 489-490 
chicks comb method, 490, 492 
mammalian tests, 492, 493 
biochemistry of, 469-540 
biological conversion to estrogens, 397, 
398, 525. 626 

chemical determination, 494-496 
e&ect of bactena on, 634-536 
yeast on, 634-536 

effect on blood calcium m birds, 27S 
mammary growth, 738-730 
nipple growth, 738 
m bile, 521 
inactivation of, 634 
international standard, 493 
isolation from adrenal cortex, 470, 
477-481 
unne, 471—474 
metabohsm of, 517-535 
mode of action, 636-538 
modes of administration and biological 
response, 518, 519 
partial synthesis, 360ff 
polarographie detemuaation, 493 
role of Qvanes in mammary response 
to, 729 

sources of, 3 , 469-483 
synergism with thyroxine, 638 
vitamin EJ, 637 

synergistic effect of, and estrogens on 
mammary growth, 729 
urinary excretion of, m Addison’s 
disease, 608, 515 
levels m men, 496-517 
in animals, 616 
A' *-Aadrostadien*17-one, 
from dehydroisoandrosterone, 487, 488 
occurrence as artifact in urine, 487 
Androstane, 

configuration of, 561 
structure of, 561 
Androstane-3{o),17(a)*diol, 
absorption from gastromtestinal tract, 
518 

biological conversion of, 521, 623 
Andro8tane-3W, 17(a) diol, 
as metabobte of testosterone, 624 
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biological conversion of androstane- 
3,17-dione to, 534-536 
a’-andro8tene-3,17 dione to, 534 
535 ’ 

Androstane 3(a),ll-diol-17-one, see 11- 
Hydroxyandrosterone 
Andro8tane-3CS),ll(^)-dio]-17-one, 
isolation from adrenal cortex, 470 
physical properties, 556 
3,17-Androstatiediane, 
absorption from gastromtestinal tract, 
518 

bacterial reduction of, 535, 636 
conversion to androsteronc, 522-624 
enzymatic reduction of, 534, 535 
Androstan-3(o)-ol 17-one, see Andros- 
terone 

Androsta&-3(,5)-ol-17-one, see Isoandros- 
terons 

Androstan-3(^)-ol-x-one, 
source of, 481, 620 
etnieture of, 462 
Afidrostas-17(a)-oJ-3-Ofie, 
as metabolite of testosterone, 623 
Androstanetnol, 
from A>Aandro8len»3(d)-ol, 378 
Ajidrosteaedio), 

conversion to o-estradiol, 398, 399 
effect on mammary growth, 729 
A*-Aiidn>steiie-3(d),l7(a}-diol, 
adrenocortical function and urinary 
excretion of, 602, 606 
as metabolite of dehydroisoandros- 
terone, 524, 525, 614 
testosterone, 523 
bacterial conversion of, 535, 537 
eslrogemc activity of, 398 
sourceof, 614 

A*-Aiidi03tene-3(3),17(6) diol, 
as metabolite of dehydroisoandros- 
terone in rabbits, 614 
Androsten edi on e, 
effect on mammary growth, 729 
estrogenic response to, 39S 
A'-Aadrostene-3,17-diane, 
enzymatic reduction of, 534, 535 
A*-Andro8tene-3,17-dione, 
absorption from gastrointestmal tract, 
518 
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as metabobte of dehydroisoandroa- 
terone, 524, 526 
testosterone, 523, 524, 526 
biological conversion of, 521-523, 534 
adrenocortical steroids to, 531, 532 
isolation from adrenal cortex, 470 
physical properties, 556 
source, 532 

Androstenetriol, configuration of, 377, 
378 

from dehydroisoandrosterone, 378 
sources of, 377 

A‘ Androstene-3(5),16,17'triol, 525 
activity of, 479 

adrenocortical function and unnary 
excretion of, 6C2, 606 
as metabolite of debydroisoandros* 
terone, 479, 614 

conversion to 3(5)-bydroxy A* etio- 
bibenic acid, 479, 480 
isolation of, 479 
structure, 47^81 

A*>Androstene*3,ll,17*tnone, see Adren- 
osterone 

A*' Andro3ten>3(i3]«ol, 
conversion to androstanetriol, 878 
A*-Androatea*U*ol*3,17 dione, 
as metabolite of 11 hydroxydebydro* 
isoandrosterone, 527 
A*>Androsten~17<ol*3-oae, 
synthesis of 1 methylestradiol from, 
361 

A*-Androsten 17(a)-ol*3-one, see Testos- 
terone 

A* Androsten 3(o)-ol 17-one, 
as metabobte of testosterone, 523 
from 11-hydroxyandrosterone, 617, 618 
A‘ Androsten 3(/S)-ol 17-one, sec Dchy- 
droisoandrosterone 
A* " "-Androsten-3(a)-ol-17-one, 

metabolism of, 488 
occurrence as artifact m urme, 487 
A*-Androstenols, 
metabolism of, 524-525 
A** Androstenols, 

from androstan-170)-ol 3-ODe, 481 
482 

isolation from swme testis, 481 
structure of, 481 


A*" ‘-Androsten-lT-one, 

biological conversion of testosterone 
to, 520ff 

colorimetric determination of, 488 
from androsterone, 4SS 
occurrence as artifact in unne, 487 
Androsterone, 

absorption from gastrointestinal tract, 
518 

al»orption spectrum, 494 
antagonism of estradiol to, 538 
estrone to, 538 
progesterone to, 538 
as metabolite of adrenocortical ster- 
oids, 527-533, 535 
dehydroisoandrosterone, 524-526, 
535 

biological conversion to isoandros- 
terone, 521 

chemical determination, 494 
colonmetnc determinaticin, 496 
conversion to A" &11opregnene-3,20' 
dione, 445 

A*** ‘-androsten-lT-one, 488 
effect on lactation, 775 
mammary gronth, 729 
pituitary prolactin levels, 789 
from cholesterol, 476 
cinchol, 476 

dehydroisoandrosterone, 474 
sitosterol, 476 
eligmasterol, 476 

intermediates in the conversion of 
testosterone to, 520-523 
isolation from unne, 471, 485, 516 
mammogentc activity of, 789 
partial synthesis of, 475, 476 
structure of, 473, 485 
AnetAum graveolena, 
day lengths required for flowering, 84 
Xn'hyhro’byftroxyprogesterone, sec TTeg 
nenin-17-ol-3-one 
fi m Anisilethyl bromide, 

attempted synthesis of estrone from 
356 

Anorexia nervosa, 

unnary excretion of 17 ketosteroids in, 
514, 515 
Anthelone, 

effect on gastric motility, 246 
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gastrojejunal ulcers, 246 
occurrence m urine, 246 
Anthraceneacetic acid, 
rate of absorption of, 23 
Antmtamm, 
indoleacetic acid as, 23 
Aphids, occurrence of auxin in, 24 
Apples, prevention of premature drop* 
ping of, by auxin treatment, 46 
Arginine, m insulin, 303 
Ascorbic acicf, growth activity for plants, 
107 

Ascorbic acid, eSect of, on the biological 
conversion of cholesterol to adreno- 
cortical steroids, 622 
Asparagine, 

leaf growth activitj of, 99 
root-forming actiMty of, 111 
Auxenotomc acid, 
identity uith auxin b, 16 
Auxentriolic acid, 
identity with auxin a, 16 
Auxin a, 

activity of esters of, 20, 21 
chemical nature of, IS 
conversion to pscudoauxm a, 16 
effect OR root formation, 30 
empiricaHonnula, IS 
identity with auxentriolic acid, 1$ 
interaction n ilh indoleacetie acid, 37 
isolation from cereal grains, 23 
rote of, in phototropism, 33 
Auxin a lactone, 

conversion to “pseudoauxone,' lo 33 
effect of carotene on photouiactuation 
of, 33 

structure of, 16 
Auxin b, 

chemical nature of, 15 
effect on buds, 39 
toot formation, 3S 
empirical formula, 15 
isolation from cereal groins, 23 
Auxin precursors, 

inhibitory effect on growth of Avena 
coleoptile, 24 

laolation frora plant tissues, 22-24 
mode of action, 2S 
nature of, 21-25 
transport of, 22 


Auxin protein complexes, 23, 64 
Auxins, see also Caulocalme, Flongen, 
Hormones, plant, growth, 3-Indo!e 
acetic acid, Rhizocalme, etc 
action mechanism, 25, 44, 55-65 
antagonism between, and flower-form 
mg plant hormone, 95ff 
antifiowering action of, 94-97 
as root-forming hormone. 35, 36 
assay by curvature tests, 8-15, 20, 
30, 37, 41ff , 95 
other methods, 15 
catalytic action of, 65 
chemical and pb> steal requirements 
for activity, 19-21 
and growth promotion 19 
atnieture and inhibitory effect, 41 
chemistry of, 15-26 
concentration and activity, 44, 46, 51 
conditions of upward transport of, 30 
cooteot of legume root aodufes, 52 
definition of 8 
dietary ongm of, in urine, 21 
effect of gravity on formation of, 32 
on transport of, 32 
light on activity of, 32 33 
on synthesis of, 34 
on transport of, 28 
respiratory processes on transport of, 
30 

grounds on transport of, 35 
effect on cell wall, 55-57 
cell division, 48, 40 
formation of fruits, 52-54 
plant respiration, 60 
root formation m cuttmgs, 82 
growth, 63 

upstake of water, 63, 64 
wound growth, 80 

electrical polarity of plants and trans- 
port of, 2S, 29 
extraction from roots, 48 
growth mhibiting substances produced 
by, 42 

inhibitory effect on abscission, 46 
on buds, 39—43 
on roots, 43-46 
interaction of, 36, 37 
with biotin, 106 
nutnents, 37 
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riuzocaline, 112 
■wound hormone, 48, 82 
isolation from enzyme preparationa, 15 
fungus cultures, 15 
plant material, 22 
urme, 15 

of growth mhibiting, 41 
leaf growth activity of, 99, 100, 101 
mechanism of bud inhibition by, 39-43 
cambium activation by, 50 
parthenocarpic activity, 53, 54 
polar transport of, 26-30 
modes of application for partheno- 
carpy, 53 

for root formation, 38 
nature of, 23, 65 
inhibitory action, 41 
weed killing action, 47 
pH and inhibitory effect on root elooga* 
tion, 43 

photomactivation of, 32, 33 
protoplasmic streaming and, 60, 61, 62 
relation to leptohormone, 76 
special plant hormones, 57, 58 
tryptophan, 22 

relative activity (or parthenocarpy, 53 
activities of, 15, 18 
role of, in tropums, 30-35 
toot formation and, 24, 33 
seed germination and, 54, 55 
source of, in bacterial infections of 
plants, 24 

m fungus cultures, 24 
sources, 7, 16, 17, 21 25, 96 
stimulatmg effect of, on cambium, 49- 
51 

structural requirements for activity, 
19, 64 

synthetic, 17-21 
toxicity of, 30, 47 

transport through plants, 6, 7, 26-30, 
80ff 

Avena, effect of lodoacetate on growth 
and respiration of, 69 
phototropistn m, 6 

transportation of auxins through cole* 
optile of, 28 

Avena test, for auxin activity, 8-11, 20, 
26, 28. 30, 37, 41, 43, 44, 53, 95 ' 

electrical modification of, 28 


specificity of, 17 

Aeelaie acid, wound hormone activity of, 
70 

B 

Bacillus, 

effect of allatectomy on testis of, 136 
BaeiUva mesenUncui, 

inhibitory effect on estrone, 394 
BactUtia pulrefaetus, 
reduction of 3,17-androstanedione by, 
S35, 536 

A'-androstene-3,17*dione by, 535, 
536 

testosterone by, 535, 536 
Bactena, inbibiting effect on estrogens, 
394 

Baena chrusoatoma, 

effect of temperature on flowering of, 
84 

Bean pod test, for wound hormone 
activity, 76ff 

Bean pods, isolation of traumatic acid 
from, 78 

Benadryl, effect on gastno response to 
histamine, 242 
Benzofuran>3*acet]e acid, 
relative auxm activity of, 18 
Bile, BllopregDaDe*3(0),2O(fl)-diol in, 449, 
459 

aadrogena in, 521 
estrogens in, 384, 385, 394-396 
pregTiane-3(o),20(a)-diol in, 459 
Bile acids, 

conversion to adrenocortical steroids, 
574-592 

pregnane denvatives, 412-416 
progesterone, 412-417 
Btoall, 

plant hormone activity of, 107 
sources of, 107 

Biotm, estrogenic activity and, 392 
interaction with auxm, 106 
plant hormone activity of, 102, 103. 
106 

root formation and, 37 
sources of, 106 
Bisdehydiodoisynohc acids, 
configuration of, 370 
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esltogemc activity of, 354-^66 
resolution of racemic, 365 
sjulhesis of, 367-369 
Bisdeh} droniamanolie acids, 
conversion to equilemn, 368, 370 
isoequileoin, 36S, 370 
estrogenic activity of, 364, 366 
preparation of, 364 
Bisnordesoxj cholic acid, 
conversion to corticosterone, 586, 68^ 
691 

BlastoVoUn, 

inhibitory effect on seedlings, 41, 44 
isolation from sorbus fnuta, 41 
Blood, 

androgen levels in, 517 
bioassay of progesterone in, 316 
effect of parath}TOid hormone on cat- 
cium in, 261-265, 266, 269 
effect on chlondea m, 272 
protein concentration in, 272 
serum phosphorus levels, 267, 294 
vitaouQ D on calcium is, 265 
estrogens in, 396>397 
inactivation of panereoiymm by, 219 
tecretm by, 215 
progestin in, 452-453 
prolactin m, 795 

relation of, to color change m crus- 
taceans, 166 
Blood pressure, 

effect of parathyroid hormone on, 271 
Blood serum, 

inactivation of cholecystakuua by, 223, 
223 

secretin by, 216, 222, 223 
Blood sugar, 

effect of intestinal extracts on, 235 
lactation and, 767, 760 
2-Bromo-4-chloropheooxyBcetie acid, 
growth activity of, and of its denva- 
tives, 44 
Bombyx, 

effect of corpus allatum on accessory 
sex glands of, 138 

Bones, 

effect of parathyroid glanda on, 268, 
270, 271,289, 290, 291 
parathjToidectomyoa resorption of, 
after nephrectomy, 271, 285 


prolonged estrogen treatment on, 
291 

Brain, 

as source of insect hormones, 123, 130 
chromatophorotrophic factor in, of 
crustaceans, 163 

effect on metamorphosis in insects, 125, 
126, 127 

eodocrme activity of, 149 
relationship with corpus cardiacum, 
149 

Bull, androgens m imne of, 616 
Butenandt method, modified, 
for estrogen assay, 341-343 

C 

Cabbage, isolation of auxin from, 23 
Calciferol, 

effect on tetany, 286 
mobthtalion of calcium in nephrecto- 
nnxed-parathyroideeiomiied rats 
by, 269 
Calcium, 

effect of estrogen on, in blood of 
pigeons. 278 

parathyroid hormone on, in blood, 
261-266, 269 

effect on root formation, 37 
excretion in hyperparathyroidism, 272 
levels ID mammals, 262 
Calcium cblonde, 

effect on neuromuscular transmission 
after parathyroidectomy, 261 
Calcium gluconate, 

effect on tetany, 268, 286 
Calciam, metabolism, 
effect of parathyroid gland on, 256 
parathyroid hormone on, after ne- 
phrectomy, 269 
Calliphora, 

effect of castration on corpus alUtum 
of, 136 

corpus allatum on accessory sex 
glands of, 136, 133 
on egg development in, 140 
Calltp^ora eryOirocephia, 
reproductive organs of, 135 
Cambium, effect of auxins on, 49-51 
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response to wounding, 80 
Carboh} drates, 
auian action and, 65 
Carbohj drates, metabolism, 
eSect of adrenals on, 327 

anterior pituitary on, 326, 327 
17 ketosteroids on, 318 
on lactation, 790, 791 
mtermediary, 323-327 
role of msulin in, 324£f 
Carcmogens, in biological materi®l» 38^ 
possible formation in mo fro™ estro- 
gens, 38S 

Carotene, effect on photoinaclrvalion of 
auxin a and of its lactone, 33 
Carotenoids, plant hormone activity of, 
108, 109 

Cartilage, epiphyseal, 
effect of growth hormone on, 
Castration, 

effect on corpus allatum, 136, *37 
secondary sex characters, l37, 138 
urinary androgen levels, 47l 
'Castration, parasitic,*' 
compared with X-ray castration. l®3 
effect on crustaceans, 161-164 
insects, 138 
Cataract, 

parathyroidectomy and formstioo of, 
261, 272, 285 
Caulocalme, 

role of, m bud inhibition, 115. 116 
in stem growth, 57, 113-116 
Cell division, hormonal control of, in 
plants, 76 

Cephalana test, for auxins, 11 
Cereal grains nature of auxms >n, 23 
Children, 

unnary excretion of androgens m, 497- 
600, 515 

of 17'ketosteroid3 m, 498-500,515 
Chimyl alcohol, identity wntb teslnol, 
483 

Chironomus, effects of paraaittc castra- 
tion on, 138 

Chlamydomonai evgamelos, 
carotenoids m, 108 
3-Chloro-a‘.androsten 17.one, 
activity of, 473 


conversion to dehydroisoandrostcrone, 
472, 473 

from dehydroisoandrosterone sulfate, 
487 

isolation of, 473 

occurrence as artifact in urine, 487 
structure, 473 
Cblorophenoxyacetic acid, 

auxin activity of, and of derivatives 
thereof, 18, 21 

parthenocarpie activity of, 53 
Chlorophyll, 

role of, in the formation of flower- 
forming plant hormones, 91, 93, 94 
Chotanthrene, 

carcinogemc activity of, 389 
from 3-desox} equilentn, 388 
Cholestecone, configuration of reduction 
products of, 428 

conversion to progesterone, 408-409 
A‘-CholesteD-4-OEe, from C-bromorholes- 
tan 3-ose, 418 
structure of, 418, 410 
Cholesterol, as precursor of adrenocorti- 
cal hormones, 621ff 
of bile acids, 621 

biolopcal conversion of acetio acid to, 
622 

to pregnane-3(a),20(a)-diol, 454, 
455, 459 

conversion to androsterone, 475 
dehydroisoandrosterone, 474, 571, 
576 

ll-desoxycortieosterone, 551 
estrogens, 398, 399 
etiocholanolone, 476 
3(fi) hydroxy i*-etiocholemc acid, 
576 

i-cholesterol, 419 

pregnenolone, 576 
progesterone, 408-409 
testosterone, 477 

effect of ascorbic acid on the biological 
conversion of, to adrenocortical 
hormones, €22, 623 
metabolites of, 622 
oxidation of, 438 

1 Cholesterol, from cholesterol, 419 
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ChoJjc Rcid, as metabolite of cholesterol, 
622 

conversion to progesterone, 415 
Choline, 

effect on estrogeme activity, 391 
root formation and, 37 
Chromatophores, m crustaceans, 
activity of, 164, 165 
hormonal control of, 166-170 
Chromogens, 

interference of, in eolonmetne estrogen 
assay, 335 
Cbyinotrypain, 

effect on isolation o( auxin from plant 
tissues, 22, 23 
thjTQtrophie hormone, 673 
Cinchol, conversion to androsterone, 476 
CIS Cinnamic acid, 
auxin activity of, 21 
rate of transport of 23 
trans-Cmnamic aeid, 
growth activity of 43 
CIcome, effrrt of auxins on leaf growth of 
101 

Coconut milk 

plant growth activity of, lU 
f^khieine, inhibitory effect on root 
elongation, 44 
Coleoptera, 

endocrine activity of corpus allatum 
jn, 147 

inSuenee of corpus allatum on develop- 
ment of, 127 

Coleus, root formation in, 112 
Colitis, therapeutic value of intestinal 
extracts in ulcerative, 232 
Complex, glandubr, of insects, neuroen 
doenne, 

as source of GD hormone, 131 
components of, 131 
mechanism of, 131 
Com, indoleaectic acid in, 23 
isolation of growth-inhibiting auxins 
from, 41 

auxin precursors from, 24 
thiamine distribution lo, IW 
Corpus allatum, 

as source of insect hormones, 124, 130, 
134, 135. 146H, 149, 154 
effect of castration on, 136 


on accessory sex glands, 136, 138 
blood color of melanoplus, 146 
color adaptation, 141, 142 
development of Xepidoptera, 125 
egg development, 139, 140 
gonads, 134 

metamorphosis, 124, 125, 127, 132 
ovaries, 132, 134, 139 
testis, 136 
tissue growth, 146 
mode of action of implants of, 152 
nature of hormones m, 138S 
relationship with reproductive organs, 
13S 

Corpus cardiacum, 

as source of insect hormones, 130, 149 
chromatophorotroplac activity of of 
cockroaches on crustacean chro- 
roatophorcs, 178 
effect on corpora alJata H9 
insect metamorphosis, 12S, 129 
physicochemical properties of chro- 
matophorotrophic substAsce of, 
154 

relationship between bnin and, 149 
(/Orpus luteum, 

as source of allopregnanolones, 448 
of pregDsne-3(ar) 20<»>dio], 615 
of progesterone, 347, 447, 453, 454 
effect on mammary growth, 750 
endocrine activity of, in insects, 14S 
151 

isolation of pure hormone from, 2 
Corticosteroid ascorbate, 2 
Corticosterone, activity of, 441, 594 
coaSguratios of reduction products of, 
427, 428 

conversion to allopregnane, 563 
ll-dehydroxyprogesterone, 440, 441 
from bi'^nordesoxychohc acid, 586 
5SS, 589 

galactopoietic action of, 761 
isolation of, 551 
physical properties, 555 
source of, 560 
Corticotrophin, 

effect on unnary excretion of cortin, 
610 

of 17 ketosteroids, 609 
Cortilactin, 762 
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effect on pigeon crop gland, 763 
Cortm, 

activity of, 550, 609 
eSect of corticolroplnn on urinary, 610 
excretion of, 609, 610 
Coryneboctcnum mediofanum, oxidation 
of A*-androstenol3 to A'-andros- 

tenones by, 535, 537 
Cosmos, effect of adenine on leaf growth 
of, 99 

Cosmos sulfureus, photopenodic induc- 
tion of flowering, 85 

Cotyledons, as source of leaf growth 
substances, 99 

Coumarane-2-acetiG acid, effect on root 
formation 36 

Coumarin, growth inhibitory effect of, 41 
Cow, 

effect of synthetic estrogens on mam- 
mary growth, 706, 707 
estrogens in feces of, 396 
Creatme, effect of parathyroid hormone 
on excretion of, 269 

Creatuune, effect of parathyroid hormone 
on excretion of, 269 
Croeetm, source of, lOS 
Croein, activity of lOS, 109 
Crocus, isolation of plant hormone from, 
109 

Crop gland, of pigeon, 
effect of cortilactm on, 763 
prolactin on, 748, 750, 760 
Crown gall, auxm m, 24 
formation of, 52 
Crustaceans, 

activities of the chromatophorotrophic 
hormones in, 173-175 
of retinal pigments m, 182-184 
chemical nature of pigments m, 164 
chromatophorotrophic effect m, of 
corpora cardiaca extracts of in- 
sects, 142, 147, 149 
factor m bram of, 163 
effect of eyestalk hormone on pigmen 
tary behavior of, 169 
removal on growth of, 191 
eyestalks on viability of, 192 
hormones on color change lu, 164- 
170 

on molting, 188-192 


on sex characteristics, 160-164 
eyestalks as source of hormones, 166ff , 
ISSff 

hormonal control of retinal pigment 
movements in, 184-187 
hormones m, 159-195 
isolation o! chromatophorotrophic ma- 
terial, 166& , 169 

number of chromatophorotrophic hor- 
mones in, 169, 173-175 
retinal pigments m, 182-184 
parasitic castration m, 161-164 
ovary as source of hormones m, 163 
relation of hormones to seasonal sex 
charactenstics of, 162, 163 
response of, to removal of eyestalks, 
168 

to removal of sinus gland, 173 
role of eyestalks in color change of, 
166ff 

sinus gland in, 164, 170-175 
source of hormones m, 163, 164, 175ff 
X ray castration compared with para- 
sitic castration of, 163 
Cucurbits, transport of fluorescein 
through, 28 29 

Curtis-Doisy method, for estrogen assay, 
342, 344 

Cuttings, effect of auxin on rooting of, 
35-38 

Cyanide, inhibitory effect on plant 
growth and respiration, 58 
Cyclohexsneacetic acid, 
auxin activity of, 19 
growth activity of, 17 
Cyclohexylidenesxjetic acid, auxin activ- 
ity of, 19 

Cysteme, effect on gonadotrophic hor- 
mone of anterior pituitary, 641 
reaction with lactogenic hormone, 658 
Cystine, in insulin, 308 

D 

Decane-1, 10-diearboxylic acid, wound 
hormone activity of, 79 
At.Decene 1 lO-dicarboxybc acid, iden- 
tity with traumatic acid, 78 
A*.Decene-l,10-dicarboxy!ic acid, 
as laimer of traumatic acid, 79 
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wound homone activity of, 79 
Dehydrocorticosterone, 
physical properties of, 555 
source of, 5^ 
yield of, 560 

ll-Dehydrocorticosterone, 
activity of, 594 

effect on lactation after adrenalectomy, 
766, 767 

from desoxycholic acid, 551 
etzodesoxycholic acid, SS5, 586, 5S7 

I l-Dehydro-17-hydf oxyeorticoaterone, 

source of, 560 
Bebydroisoandrosterone, 
absorption from gastrointcatina} tract, 
518 

as intermediate m the conversion of 
cholesterol to estrogens, 398 
metabolite of d^andro8tebe-30}), 
17(4)^01 in guinea pigs, 524 
of A*-andfo8tene»30J),l7(«)-diol in 
man, 524 

bacterial oxidation of, 535 
biological conversions of, 533 
eocSguration, 474 

eonveraioa of adrenal steroids to, 527, 
630 

converaioa to androsterane, 474 
3-ch]oro-A'.aDdrostea-7-one, 472, 
473 

estrone, 361, 363 
progesterone, 420-424 
effect on mammar} growth, 729 
from 3 chloro-A'-androsten 17-oQe, 
472, 473 

cholesterol, 408, 409, 474, 571, 576 
A'-pregoen'3(0)>ol 20K>ne, 432, 433 
stigmaaterol, 410 
isolation from urine, 471, 485, 516 
metabohsm, 523, 525, 526, 535, 614 
syneigism with estrogens, 539 

II Dehydroisoandrostetone, 439 
activity of, 445, 600 

from 12-hydroxyprogcsteronc, 445 
Dehydroneoergosterol, 

partial synthesis of estrone from, 380 
preparation of, 360 

X-Dehydronorestrone, synthesis of, 359 
6-Dehydfoprogestcrone, 
activity of, 439, 445, 699 


partial synthesis of, 445 
O-Dehydroprogesterone, 439 
activity of, 445, 600 
configuration of reduction products 
428 

from ll-hydroxyprogesterone, 445 
16*DehydIropTOgc8terone, 
activity of, 445 

configuration of reduction products 
428 

from dehydrozsoandrosterone, 445 
“Deseeded" test for auxins, 11 
Dcsoxychohe acid, 

conversion to adrenoecrtical steroids, 
575-592 

bisnordesoxycholie acid, 443, 444 
H-dehydrocorticosterone,’651 
3(a),12(o)>d]hydroxyetioeholanie 
acid, 433, 434 

nordesoxychobc acid, 413, 414 
pregnaDe>3,(a)12(a) dioi>20 one, 
413,414,415 
eource of, 574 
Deeoxycertieesterone 
activity of, 439, 444 453, 539, 54|^ 
694, 761 

derivatives of, 699, 600 
biolopeal conversion to 1? ketoster- 
Olds, 533 

topregnane>3{a),20(ar) dioi, 454, 455, 
615, 616, 619 

comparison with progesterone, 713 
conSgurstiOD of reduction products, 
427, 428 

effect On lactation after adrenalectomy, 
764-766 

mammary growth, 712-714 
after hypophjwotomy, 728 
pituitary prolactin levels, 788, 799 
uterus, 347 

from 3(fi) acetoxy A'-etiocholenic acid, 
57o, 571, 572 
cholesterol, 551 
progesterone, 436 
Btigmasterol, 551 

intermediates m the partis] synthesis 
of, 570-572 
isolation of, 570 
metabolism, 60S, 609, 615, 619 
physical properties, 556 
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source ot, 608 

sjTiergism with estrogens, 713, 728 
Desoxy-S^c^i ^Irocorticosterone, 
activity of, 599 
3-Desoxyequilemn, 

biological conversion to cholanthrene, 
389 

estrogenic activity of, 359 
formation in nlro, 387 
from equilenin, 377 
in unne, 389 
isolation of, 359 

Detergents, effect on lactogemc hor 
mone, 660-661 

Dextnn, prevention of parathyropnval 
tetany by, 204 
Diabetes mellitua, 
due to alloxan administration, 321 
anterior pituitary extracts, 319 
etiology of, 320 
hypophysectomy and, 317 
pancreas and, 303ff 
therapeutic value of vitamins B in, 323 
unnary excretion of 17 ketosteroidis in, 
514 

Diastase, effect on root formation, 35 
Diazomethane, maetivation of insulin 
by, 311 

Dibromocholestanone, 
synthesis of l>methylestrone from, 
360, 362 

2 4-DichlorophenaxyacetiC acid, auxin 
activity of, 18, 21, 43 
effect on flowering of pineapple, 96 
toxicity of, 47 
use in weed-ehmination, 47 
Diciyehvs monosporuj, 
hormonal control of sexual reaction in, 
117 

Diclyostehum ducoidmm, 
chemical nature of aggregation stimu 
lus m, 118 
Diethylstilbestrol, 
effect on lactation, 775-777 
mammary growth, 706, 707 
growth activity for plants, 107, 103 
synergism with progesterone, 712 
Dioagemn, conversion to A* '•pregnadien- 
3tP)-ol 2(lone, 411 
Diptera, 


endocrine aclmly of corpus allatum m, 
147 

of brain in, 147 
source of hormones ui« 148 
Diptera, muscoid, 

nng gland as source of hormones in, 
127, 128, 133, 147, 149 
Dinppus, 124 

effect of corpora allata on ovaries of, 
135 

Dtxtppua morosua, 

color adaptation in, 141, 142 
Doisynolic acids, 
estrogenic activity of, 3&4, 366 
synthesis of, 364, 365, 369 
Drosera, 

transport of ammo acids through, 23 
Drosophila, 

effect of corpus aUatum on egg develop- 
ment m, 140 

role of B-hydfoxytryptophsn in eye 
pigment formation m, 144 
Drosophila hyd«, 129 
effect of corpora eardisca implants on 
larvae of, 149 
Droiophla mtloncgasUr, 
eye color hormones of, 143, 144, 145 
source of hormones in, 150 
Duocrine, 235 
Duodenin, 235 
Duodenum, 

enterogastrone formation in, 225 
possible occurrence of an insulin 
synergist in, 235 
Dyliscus, 

effect of castration on corpora allata 
of, 137 

corpora allata on ovaries of, 134, 
135, 140 

E 

Endosperm, 
auxin precursor m, 54 
Enterocin, 233 

Enterocnnin, biological assay of, 233 
extraction from intestinal mucosa, 232, 
233 

Enterogastrone, 223-232 
biological assay of, 226, 227 
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cotnpanson with uroEastrone, 545 
effect on Eastne inotitit\, 227 
secretion, 226 

resistance o{ alimentary tract to 
ulcerative lesions, 229-231 
preparation of active concentrates of, 
226 

solubility, 227 
source of, 225 
slnbilitj, 227 
Ensymes, 

auxin-mactivating, in pea phmt 17, 
19,53 

effect of proteol} tic, on adrenotropluc 
hormone, 673 
on growth hormone, 6S4 
on isolation of aimn fro(n plant 
tissue, 22, 23 

on thjTotrophic hormone, 655 
effect on gonadotrophic honsopet, 541, 
512 

growth activity of hydrolytic, 7, 55 
inactivation of insuha by preteotyiic, 
309, 313 

lactogenic hormone b) , 660 
inhibitory effect of Uver, on estrogens. 
3S9. 393-394 

plant, on estrogens, 393^94 
isolation of auxin from preparations 
of. Id 

plant growth and, 59 
EpArstia InlAniello 

eje color hormones in, 142, 143 145 
11-Epicorticosterone, aclivityof, 600 
14-Epiequilenin, 
from isoequilin, 367, 376 
identity with d*isoequiIenm, 355, 379 
Epinephrine, effect on salivary secretion 
244 

Episatsasapogenin, 

conversion to prcgnen-3(a-)^I 20- 
one, 410 

3,9-l:.poxypregnane*ll,2(Mlione, partial 
synthesis of, 581-584 
Equilemn, 

absorption spectrum of, 310 
conRguration, 359, 370 
of stereoisomers, 355 
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conversion to bisdehydrodoisynolic 
acid, 364 

A* ^ **estratrjeD-3-o]-17-oae, 386 
estrone, 355 

estrogenic activity of, 355 
of faomologs of, 359 
from bisdehydtomarnanolic acid, 361 
equilm, 370, 371, 375 
metabolism of, 385 
oxidation of, 377 
reduction of, 372, 375 
resofution of <ff', 355 
source of, 331, 3SS 
synthesis of, 352-355, 36S 

IT'Equilenone configuration of a- and 
i9-fonns of, 359 
estrogeme activity of dl>, 359 
synthesis of, 359 

Equilui, coni ersion to cqudeain, 370-371 
to estrone, 371 
14 tsoeqiuiin A, 376 
estrogenic activity, 367 
metabolism, 385 
oxidation of, 377 
preparation of isomers of, 376 
reduction of, 372, 375 
sources of, 334, 382 

7,S>Equilingl) eol, 
conversion to 7*ltetoestrone, 377 
from equihn, 377 

Estradiol, accuracy of bioassay of, S46 
antagonism to androsterone, 538 
to testosterone, 533 
colonmetnc assay of, 337-339 
conversion to dou/nolic acid, 364, 365 
effect on mammary growth, 794, 706, 
707, 712 

from dihydroequiieam, 375 
estrone, 372 
oxidation of, 376-377 
plant hormone activity of, 107 
ndaetiffa of, 374 
separation from estrone, 340 
sources of, 334, 337-339 
synergistic effect of progesterone and, 
on mammary growth, 723 

tf-Estradio), configuration of, 3fil 
estrogenic activity of, 342, 366, 367 
from androstenediol, 398 
dlbydroequilemn, 370 
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inactivation by liver, 389, 390 
kidney, 389 

isolation of crystalline, 380 
isomers of, 375 

metabolism of, 381-383, 394, 395, 396 
oxidation of, 378 
partial synthesis of, 361 
sources of, 334, 382 
^Estradiol, 

activity of, 342, 367, 373 
as metabolite of estrone in rabbits, 614 
conversion to isoestnol, 378, 280 
Ai'-estrone, 378, 380 
metabolism of, 381, 384 
sources of, 334 

Estradiol benzoate, activity of 5*, 342 
factors aSectmg bioassay of, 342 
international umt of, 334 
Estradiol dipropionate, uterus response 
to. 345 

Eatranediols, from estrone, 374, 375, 386 
sources of, 374, 385 
Estranol, from estrone, 374 
A* f • EatTatrieQe-3,17(a}>dioI, 
from eqiulenm, 375 

A* » »-Eatratnen 17{«)»ol, from o^hy* 
droequitenm, 375 
equilemn, 375 
A* ^ '•Estratnen-S-ol 17*one, 
activity of, 379 
from equilenm, 386 
estrone, 379 
source of, 3S7 

A* ‘ ‘ ‘‘-Estratrien 3 ki 1-17 one see Es- 
trone 

Estnc acids, see also under name of 
individual compounds, activity of, 
399 

configuration of, 371 
formation tn vivo, 399 
synthesis of, 363-372 
Estrmase, in liver, 383, 393 
inhibitory effect on estrogens, 389 
Estnol, 

accuracy of bioassay of, 346 
activity of, 367 

as metabolite of estrone, 400, 614 
colonmetnc assay of, 336-339 
configuration, 377, 378 
conversion to estnc lactone, 379 


estrone, 378 
mamanolic acid, 380 
effect of configuration on activity of, 
377ff 

on mammary growth, 703 
from estrone, 377 
inactivation by kidney, 389 
liver, 389 

mterconversioDS of, 370, 371 
isolation of crystalline, 381 
metabolism, 381-384 
occurrence m humans, 381, 382 
partial synthesis of, 377, 379 
role of, in pregnancy, 385 
separation from estrone, 340 
sources of, 334, 336-339, 382 
Estnol glucuronide, 392 
occurrence in unne, 381, 382 
Estrogenic lactones, as intermediates in 
estrogen catsboham, 399 
effect of, on pituitary, 400 
from estrogens, 399 
Estrogen-protein complex, 396-397 
Estrogens, 

absorption spectra, 340 
activity of, 366, 367 
derivatives, 364, 366 
antagonism to prolactm, 774 
bioassay of, 345, 346 
chemical assay of, 334, 335 
reactivity of, 372-380 
chemistry of, 352-380 
combined action of androgens and, on 
mammary gland, 729 
of desoxycorticosterone and, on 
mammary gland, 728 
of growth hormone and, on mam- 
mary gland, 721 

of pregneninolone and, on mammary 
^nd, 712 

of progesterone and, on mammary 
gland, 72S 

of prolactin and, on mammary 
gland, 721, 776 

of testosterone and, on mammary 
gland, 777 

configuration of, 368, 371 
effect of configuration on activity of, 
370ff 

nutrition on activity of, 391 
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prolonged treatment with, oa bones, 
291 

\itaznm B on activity of, 39J, 392 
effect on bioassaj of progesterone, 346 
blood calcium, 278 
lactation, 733-778, 785, 798 
mammary growth, 703-706, 715, 
716, 722, 724, 725, 774 
mdk composition, 795 
nipple gro^i-th, 738, 739 
parathyroid, 278 

pituitary prolactin levels, 785, 786, 
78S, 789 

enterohepatie eirculation of, 3W, 395 
implantation into spleen, 3^, 391 
uiactiiaiion of, 38^395, 399 
inhibitory effect on androgens, 638 
oa progestin, 453 
interconversiona of, 370, 371 
interrelationship between, and pitui 
tary mammogena in control of 
mammary growth, 720, 727 
menstrual cycle and, 385 
metabolic conversions of androgens to 
phenolic, 525-'52d 
metaboham of, 3SCM00 
occurrence in mares, 381 
partial synthesis from cholesterol, 360- 
363 

from ergostcrol, 360 
physical assay of, 340 
phytochemical change of, 396 
possible conversion of, in neo to car- 
cinogens, 388, 389 
possible formation of, lanrofrom 
androgens, 397, 398 
precursors of, 397, 399 
sources of, 359, 394r-399 
standards, 334, 344 
synergism of debydroisoandrosterone 
with, 539 

syntbe&is of, 352-363 
unit of, 341 

Estrone, accuracy of bioassay, 345 
activity of dU, 356 
antagonism to androstecone, 638 
testosterone, 538 
chemical determmation, 494 
colonmetnc assay, 336-339 
configuration, 377 
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conversion to doisynolic acid, 364, 365 
estnaediol, 386 
estnol, 377 

estrogenic lactone, 379 
17 ethinylestradjo], 373 
isoequilemn 379 
isoestriol A, 379 
mamanohe acid, 364 
effect of fohe acid on activity of, 392 
irradiation on, 379 
on mammsjy growth, 703, 704, 707, 
731-733 

estrogenic activity of, 366, 367 
factors ufluenexog bioassay of, 342 
from debydroisoandrosterone, 342 
equdemn, 355 
equihn, 371 
estnol, 373 
A'-isoequilin, 376 
inactivation of, 389, 390, 394 
intermediates ui the conversion of 
estnol to, 400 
istersationa! unit, 334 
isolation of, 3 380 
metabolism, 382-384, 394-396, 614 
oxidation of, 377 
physical properties, 656 
plant hormone activity of, 107 
polarographio assay of, 340 
potencies of, 342 
reduction of, 372, 374 
separation from estradiol, 340 
sources, 334, 336, 337, 382, 621 
sjmergism with pregneomolone, 712 
progesterone, 709, 710 
synthesU of, 355-356, 35S, 360 
isomers of, 356-358, 360 
nii-Estrone, 
acUvity of, 378 
from Estradiol, 378, 380 
dt-£htrone a, syntheais of, 356~358 
Estrone sulfate, 
activity of, 392 
occurrence in unne, 381, 382 
17 Ethenylestradiol, 
activity of, 374 
from 17-ethinylcstradiol, 374 
17-Etlunyl-A<-androsten I7-ol-3^ne, see 
IVegnetun-I7-o2-3-one 
17-£thiny2estradio}, 
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estrogenic activity of, 373 
from estrone, 373 

17-Et\nnyUestosteione, see Pregnemn- 
17-oi 3^ne 

Ethylene, effect on transport of aunn, 31 

Etbjiene cblorhydnn, effect on inhibited 
buds, 42 

21 Ethylprogesterone, 
activity of, 446 

3(a),17(a) Etiocholandediol, as metabo- 
lite of testoaterone, 618 
bacterial conversion of testosterone to, 
535, 536 

A^androstenedione to, 535, 536 
biological conversion of adrenocortical 
steroids to, 527-529 
from etiochoUn 3(a)-ol 17-one, 620 
metabolism, 524 
source, 618 

3 17 Etiocbolanedione, 
aa metaboUte of testosterone, 523 
bacterial conversion of A* androstene 
dione 3,17 to, 635, 536 

Etioeholanio acids, conversion to adrenal 
cortical hormones, 412 
from 20-ketO8teroids, 433, 434 

Euoeholaa^(<t)«Ql<U,17-dioae, aa me- 
tabolite of adrenocortical steroids, 
523, 530, 618 

Etiocholan 3(a)-ol-17-one, 
as metabohte of adrenocortical ster- 
oids, 527-533 

dehydroisandrosterone, 535 
testosterone, 520-522 
bacterial conversion of testosterone to, 
535, 538 

of A*-andro3tene'3,17-dione to, 
535, 536 

from cholesterol, 476 

3fpl..20ff»\ QreciaaedinL, 432, 431 
3(o),17,20-pregnanetnoi, 616 
metabolism, 524, 525, 527 
occunence m urine as artifact, 486, 487 
Etiocholan-17 (a)-ol-3^ne, 
metabolism, 523 

Eyes, endocrme activity of, m insects, 148 
Eyes talks, 

as source of chromatophorotrophic 
material, 166ff , 171 
of hormones m crustaceans, 185 


effect of extracts of, on heart-rate m 
crustaceans, 193 
on viability of crustaceans, 192 
hormonal activity of, m crustaceans, 
164 

response of crustaceans to removal of, 
167, 169, ISSff, 191, 194 
sinus gland as source of hormonal 
activities of, 194 

F 

Fat, inhibitory effect on gsstnc secretion, 
233ff 

role of, in the formation of enterogas- 
trone, 225 

Fat body, of insects, 
endocrine activity of, 148, 151 

Feces, estrogens m, 396 

Ficjn, liberation of airun by , 23 

Flongcns, 83, 110, see also Hower form- 
ing “hormone" 

Flower forming "hormone," 83-97 
antagonism to aumn, 95ff 
attempted isolation of, 89 
formation of, 91, 93, 94 
(tost resistance and, 85 
leaves as receptors of, 86 
relation of chlorophyU to, 91, 03, 94 
to photosynthesis, 91 
specificity of, 90, 91 
transport of, 86, 88, 89, 90 

Flowenng, 

factors influencmg, 84-97 
photopenodic mduction of, 84 

Fluoreneacetic acid, effect on root forma- 
tion, 36 

Fluorescein, transport through cucurbits, 
28,29 

FImapwIr, •gwnttfc. sa/i v.vps^f 

tioa of plants, 58 

Fobc acid, effect on activity of estrone, 
392 

FoUicle-atimulating bonnone, of anterior 
pituitary, 643-647 
activity of, 647 
assay of, 643-644 
effect of cysteine on, 641 
ketene on, 640 
protem precipitants on, 641 
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physicochemical properties, 647 
purification, 644-^7 
>-FcJhcub/ hoTTiiOJit, jdestH} »/li fi- 
dihjdroequilenin, 3S2 
Follicuhn, 

effect on insects, 141 
Formatdehjde, effect on adrenocortico- 
trophie hormone, 673 
generation of, in periodic acid oxidation 
of cortical metabolites, 613 
Fraixnus ornus, cambial stimulation in, 
by auxin, SO 

Frost resistance m plants, photopcnodie 
stimulus and, S6 

Fruits, effect of auxin on formation of, 
S2-54 

formation of seedless, b> auxm applies 
tton, 53 

Fungi, hormonedike substances in, 1166 
isolation of auxins from, IS 
nature of hormone like substances ui, 
US 

phototropisni of, 33 
G 

(iMltU. UCldll}, 

effect of paralh>roid hormone on, in 
dogs, 271 

Gastne motiUty, effect of euterogastronc 
on, 227 

Gastne secretion, effect of enlerogastrone 
on, 226, 22S 
fat on, 223ff 
histamine on, 24D 
urogastrone on, 243, 246 
humoral tneebamsm of, 237, 243 
possible hormonal mechanism of, 243 
Gastnn, 236-243 
relation to histamine, 242, 243 
preparation of histamine free, 241 
Gastrointestinal hormones (see also 
CholeciBtokinin, Enterogastrone, 
Pancreorj-uiine, Secretin, Urogaa- 
trone), 201-246 
chemical nature of, 202, 211 
concentration of, 203 
spurfss of, 203, 235ff 
Gastrointestinal tract, 
absorption of androgens from, 517 
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hormones of, see Gastromtestmal hor- 
mones 

CaslroJiths, effect ot emus gland on for- 
lostion of, in crustaceans, 189, 191 
Geotropism, 

inhibitory effect of auxin on root 
elongation as explanation of, 45 46 
nature of, 6, 31 
of roots, 34 

Glands, pericardial of insects, endocrine 
actuity of, 148 151 
firothoracie of insects, endocrine activ 
It) of, 127, 130, 151 
tentml, of m<eett, endocrine activity 
of, 148, ISl 

Gtobin-fnsulin preparation 314 
Glucine, root forrauig actix it\ of, 1 12 
Glucose-l phosphate, 
rex ersal of fluoride effect on plants bj , 
58 

Glucosuna, »ec also Dishetes meUitus 
effect of animal food habits on occur- 
renee of felloning pancrcatee- 
tom) , 36f 
d-Glucuronidsse, 

role of, m steroid metabolism, 457 
Glutamic acid, 

effect on activity of traumatic acid, 7'J 
lo insulin 3DS 
Glycosides, cardiac, 
cortical activity of, 599 601 
Ctycolrophic hormone, of antenor pitui- 
tary , 761 

effect on lactation, 757 
galactopoietie activity of, 761 
Goat, effect of estrogens on mammary 
growth m the female, 706, 707 
Gonadotrophic hormones, of antenor 
pitmtary, see also Folhcle stimulat- 
ing hormone Interstitial tell stimu- 
lating hormone 

chemical differences between the, 640- 
643 

chemifliry of, 633-687 
effect of enxymes on, 641-643 

on mammary growth followmg h> po- 
physectomy, 726 

Gonadotrophin, chononio, effect on lacta- 
tion, 789, 790 
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pro-estrogen formation following in- 
jection of, 397 

Gonads, effect on metabolism, 317 
endocnne activity of, m insects, )4^ 
151 

Gravity, effect on auxin formation, 31 
auxin transport, 32 

Growth, 

effect of thyroparathyroideetomy on, 
289-290 

relation between respiration and, of 
plants, 58-^ 

uptake of water and, of plants, 63, 
64 

"Growth and Differentiation Hormone,” 
see Hormones m insects, GD hor- 
mone 

Growth hormone, of anterior pituitary, 
674-686 

activity of, 679ff 
assay of, 674-676, 680, 681 
combined action of estrogens and, on 
mammary gland, 721, 726 
composition of, 683, 684, 687 
determmation of punty, 677-679 
effect of heat on, 684-683 
ketene os, 685 
nitrous acid on, 685 
proteolytic enzymes on, 684 
urea on, 685 

on epiphyseal cartilage, 676, 681 
isolation of, 677 

physiocbenucsl properties, 683, 634 
solubility of, 679, 680 
Gut, hormones m, 4 

H 

Helianthus, 
auxins in, 17 
Eehanihtis onnwiis, 99 
growth activity of pyndoxme for, 105 
Hehanthiis tuberosua, 90 
auxm and growth of, 48, 49 
"Hemiauxms,” 
root formation and, 37 
Hemiptera, cndocrme activity of brain 
m, 147 

of corpus allatutn in, 124, 147 
insect hormone and molting of, 123, 


source of moltmg hormone in, 123 
Heteroauxin, 

identity with indoleacetic acid, 17 
Hexesal, isolation of, 82 
Hezestrol, synergism with progesterone, 
712 

Hibucus, root-forming factor in leaves 
of, 112 

SippuiiD, source of, 382 
Hirsutism, urmary excretion of androgens 
m women with, 511, 512, 515 
of 17-keto8teroids m women with, 
511, 512, 515 

Histamine, antagonism of urogaatrone 
to, 246 

effect of benadryl on gastnc response 
to, 242 

on gsstnc secretion, 308 
identity with vasodilatin, 240 
relation to gastnn, 242, 243 
Bistidine, in insubn, 308 
Histone-iosuhn combination, 814 
D-Homoequilenin, synthesis of, 359 
D-Homoestrone, estrogenic activity of, 
359 

partial synthesis of, 359 
Honey, estrogenic activity m vertebrates, 
140 

Hormone, flower forming, see Flower- 
forming "bormoae” 

Hormone, msulotropic, 235 
Hormone A of fungi, effect of organic 
acids on production of, 118 
mactivation of, llg 
isolation of, 118 
Hormone B of fungi, US 
Hormone C of fungi, US 
Hormone D of fungi, 118 
Hormone-like substances m fungi, 116- 
119 

Hormone, parathyroid, see Parathyroid 
hormone 

Hormones, gastrointestmal, see Gastrom- 
testinal hormones 
Hormones in crustaceans, 159-195 
chromatophorotrophic, 
activity of, 173-175 
chemical properties of, 182 
number of, 169, 173-175, 182 
phylogenetic distribution of, 180 
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propertiea of, 180 
effect on blood sugar, 194 
color change, 164-170 
heart rate, 193, 194 
locomotor activities, 194 
o\anan development, 194, 195 
sex charactenstiea, 160-165 
viabibly, 192, 193 
factors controlling secretion of, 181 
retinal pigment, ej estalk as source 
of, 186, 187 

relation to chromalophorotro- 
phjc hormones, 187 
sources of, 160, 163, 166ff , 171, 172, 
175ff. 182, 185, 186, 188, 19(h 
192 

Hormones in insects, action mecbanism, 
122 

corpus allatum, nature of, 138ff 
effect on color change, 121 
poslcmbryonal development, 
123-134 

reproduction, 134-141 
eye color, chemical nature of, 144 
sources of, 14Sff , 143 
eyestalk, effect on pigmentary 
behavior, 169 

GD hormone, action of, 131, 132, 
152 

effect on metamorphosis of 
muscoid diptera, 123, 129 
effect on molung, 130 
interaction with juvenile hor- 
mone, 133 

physicochemical properties, 153 
source of, 130, 136, 147 
"gene,” components of, 143-145 
extraction of, 153 
mode of action, 142, 145, 153 
nature of, 14*/ 

lelation to kynurenine, 144, 145, 
154 

source of, 148, 151 
juvenile hormone, interaction with 
GD hormone, 133 
mode of action, 129, 130, 132, 
133, 152 

source of, 130, 131, 133, 147 
molting hormone, source of, 123 


molt-mhibiting hormone, relation 
to chromatophorotrophms, 
190 

sinus gland as source of, 188, 
I90-I92 

sources of, 4, 123ff , 127, 130, 131, 
146-154 

specificity of, 151 
tissue reponse to, 151 
Ilonsoaes, nature of, 1, 4 
plant, gee also Auxms, Caulocahne, 
Flower-fomuag hormones, Rbi- 
xocahne, 5-119 
carotenoids as, IDS, 109 
effect on leaf gron th, 9S-101 
plant growth, 6-74 
definition of, 7, 8 
nicotinic acid as, 106 
pyndoxme ns, 105, 106 
root-forming, source of, 35 
sources of, 4, 109 
steroids as, 107 
vitamins as, 102-107, 111 
rejuvenating action of, 3 
speual, 10 plants, 57 
wound, in plants, 76-83 
assay of, 76-78 
chemical nature of, 78-80 
cheroieal structure and aetmtyof, 
79 

interaction with auxins m cell divi- 
Sion, 48 

secretion of, by wounded vegetal 
cells, 76 

Horse, 

occurrence of equilemn in, 334 
equilin in, 334 
ll-Hydioxyandrosterone, 
activity of, 478 

as metabobte of adrenocortical ster- 
oids, 527, 628, 629, 530, 617, 618 
conversion to A’^’i-androsten-Sfa)-©!- 
17-one, 488, 617, 618 
isolation from unne, 478 
sources, 527, 617, 618 
structure, 477, 478 
3(p)-Hydroxy«A*-bisnorcholenic acid, 
cosverNOn to progesterone, 410, 412, 
413 

from stigmasterol, 410, 412 
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3-Hydroxycholanthiene, formation tn 
nto from equilenin, 388 
from estrone, 388 

3(^)-Hydroxj-A‘-choleruc acid, from chc^ 
lesterol, 408, 409 

17 Hjdroxycorticosterone, 
activity of, 594, 761 
effect on carhohj drate metabolism, 318 
metabolic conversion to 17-lcetoster- 
oids, 529, 530 
source of, 527, 554 

17 Hydroxy-1 l-dehydrocortieostexonc, 
actiMty of, 594 761 
conversion to adrenoslerone, 563 
effect on carbohydrate metabolism, 318 
lactation after adrenalectomy, 766 
from desoxyebobc acid, 589-502 

U-Hydroxydehydroisoandrosterone, 
metaboliam of, 527 

17*Hydroxy-ll desoxycorticosterone, ac- 
tivity of, 694 

from dehydroisoandrosterone, 572-574 
intermediates m the partial avnihests 
of. 572-574 

metabolism of, 529, 530, 607 
physical properties of, 554 
source of, 627, 654 

T-Hydro'syestrone, 
activity of, 377 
from 7-ketoestrone, 377 

16- Hydroxyestroae, as intermediate in 

the biological conversion of estrone 
to estnol, 400 

17- Hydroxy estrone, conversion to D*- 

isoequilin, 376 

3(|3) Hydroxy etioallobilianic acid, 
conversion to 3-ketoetioanobibanic 
acid, 481 

from isoandrosterone, 481 

30) Hjdroxv-i* etiobilienic acid, from 
androstene-3(tf),16,17 tnol, 478, 
480 

3(d) Hydroxy-A‘-etiocholenic acid, from 
cholesterol, 576 
A‘.pregnen.3(d)w3l-2(^one, 434 

ll-Hydroxyisoandrosterone, 
as metabolite of adrenocortical ster- 
oids, 527 

3-Hydroxy 20*methylcholanthrene, car- 
cmogenie activity of, 388 


17-HydroxypregnanoIone, 

as metabolite of adrenocortical ster- 
oids, 617 

chemical properties, 617 
configuration, 617 
source, 616, 617 
ll-Hydroxyprogesterone, 
activity of, 441 

conversion to ll-ketoprogesterone, 441 
from corticosterone, 440, 441 
12(o)-Hydroxyprogesterone, 
activity of, 441 
from desoxycbobc acid, 441 
17‘'d”-HydroxyprDgesterone, 
activity of, 444 
androgen nature of, 533 
isolation from adrenal cortex, 470 
metabolic conversion to 17-ketoster- 
oids, 533 

physical properties, 555 
structure, 478 

21-Hydroxyproge5terone, see Desoxy- 
corticosterone 
o-Hydroxytry ptophan, 748 
role of, in eye pigment formation in 
Drosophila, 144 

Hymenoplera, endocrine activity of 
brain in, 147 

source of hormones in, 148 
Hyodesoxycholtc acid, 
conversion to progesterone, 415 
intermediates in the conversion of, to 
progesterone, 415 
Hffoscvamna mger, 87, 91 
effect of defoliation on fiowenng of, 96 
nutrients on flowering of, 94 
Hypeiglycemia, 
causes of, 315 

effect on islets of Langerhans, 319 
Hyperparathyroidism, 
effect on bones, 268 
calcium excretion, 272 
phosphorus excretion, 272 
in man, 268 

pathogenesis of primary, 236 
renal damage and secondary, 287-289 
symptoms of, 286-287 
Hypertension, urmary excretion of 17- 
ketosteroids and, 512, 514 
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Hyperthyroidism, effect on mammnrv 
gland. 732 

Hypoglycemia, causes of, 315 
Hypoparathj roidism, 
effect on mineral metabolism, 2fi3 
symptomsof, 261, 285 
Ilypopbysectomy, 

combined action of estrogen and pro- 
lactin on mammary gland follow- 
ing, 721 

estrogen and growth hormone on 
mammary gland following, 726 
effect of androgens on mammatx gland 
following, 730 

estrogens on mammarj gland fol- 
lowing, 717-719, 726, 727 
pituitary preparations on mammary 
gland following, 719, 726 
placenta on mammarv gland follow- 
ing, 735 

lactation and, 755 
I 

Impatiena, effect of carotene on root 
formation of, lOS 
root formation id aeedlings of, III 
Inanition, role of, in stimulation of 
mammary growth by estrogens. 718 
Incretm, 235 
3-Indeneacetic acid, 
auxin activity of, 17 
effect on root formation, 36 
Indican, auxin activity of, 19 
3-IndaleacetaIdehydc, 
conversion to mdoleacctie acid, 25 
3-Indoleacetie acid, 
sntiflonenng action of, 95 
antiyitomm activityof, 23 
auxin activity of, 16, 20, 21, 30, 48, 50, 
54 

derivatives of, 17, 20 
conversion of tryptophan into, 24, 25 
dietary protein as source of urinary, 22 
distribution of, in higher plants, 17 
effect on flowering of pineapple, 96 
root formation, 36, 54, 112 
gall-like swellings arising from, 52 
inactivation of, 17, 19, 34 
inhibitory effect on bnd«, 39 


interaction with auxin a, 37 
naphthaleneacetic acid, 37 
phenylacetic acid, 37 
isolation from plant material, 22 
Irotti Rkttopus sutnits, JO 
occurrence in corn, 23 
rate of transport of, 28 
wound hormone activity of, 78, 80 
3-Indolebutyric acid, 
auxin activity of, 17, 18 
of derivatives of, 20 
effect on root formation, 36 
interaction with naphthaleneacetic 
acid, 37 

parthcnocarpic activity of, 53, 54 
rate of transport of, 28 
3-Iiidolecarboxyhe acid, 
effect on root formation 3B 
growth activity of, 43 
S-Indolepropionic acid, 
effect on root formation 36 
grow th activity of, 48 
relative auxin activity of, IS 
w-f^lodolel-propionie acid 
auxin activity of, 21 

Indolepyruvic acid, possible interme- 
diates ID the coDvemion of trypto- 
phan to, 25 

Inhibitory hormone, see Hormones in 
insects, juvenile hormone 
Insects, 

chemical nature of eye color hor- 
mones in, 144-146 

endocrine control of color reactions, in, 
141 

of posterabryooic deielopmeat of, 
122-134 

estrogenic action in invertebrates of 
material derived from, 140 
phases of postembryonic development 
of. 122, 123, 133 

source of eye color hormones in, 143 
Insulin, 

absorption rates, 314 
acetytatiou of, 310 
administration of, 313-314 
ammo acids in, 307, 30S 
assay of, 312-313 
axodenvatives of, 311 
ehenucal atnicture of, 308 
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activity of, 311 
chemistry of, 30&-307 
crystallme, 305, 306, 307 
effect on conversion of glucose to fat, 
322 

on lactation, 790 
on metabolism, 316, 323 
on salivary secretion, 243 
factors controlling secretion of, 320 
implantation of tablets of, 314 
inactivation of, 309-311, 313 
isoelectric point of, 306 
isolation of, 2, 305 
mode of action, 326, 327 
molecular weight, 307 
possible occurrence of an antagonist 
to in parotid gland 306, 307 
response of depancreatired animals to 
321 

normal animals to, 322 
role of, in carbohydrate metabohsm, 
S24£f 

aimilanty to parathyroid hormone, 276 
Bolubibty of, 307 
source of, 304 
sulfur m, 309 

line content of crystallme, 307 
Insulm globm combmation, 314 
Insulm histone combination, 314 
Insulm protamine complex action of 
313 314 

Insulin zinc complex sction of, 313 
Intermedin relation to crustacean hor 
mones 181 182 

Interstitial ceU-etimulatmg hormone, of 
antenor pitmtary, 634-643 
assay of 634-636 

comparison between activity of, from 
swine and sheep pituitanes, rego 
639-640 

composition of 687 
effect of cysteine on 641 
ketene on 640 
protein precipitants on 641 
immunological specificity of 639 
isolation of 636, 637, 638 
physicochemical properties of, 638-639 
681 

sources of 636 


Intestinal extracts, effect on blood sugar, 
235 

mtestmal motility, 232-234 
secretion, 232-234 
spleme contraction, 234 
therapeutic value in ulcerative colitis, 
232 

Iodine, effect on adienocorticotrophic 
hormone, 673 

inactivation of msuhn by, 310 
reaction with lactogenic hormone, 657, 
658 

lodoacetate, 

effect on growth and respiration of 
Neurospora, 59 
of plants, 58 

water uptake m plants, 64 
reversal of effect on plants by orgamc 
acids, 58 

lodocasexn, administration to dairy ani- 
mals 770 
Isoandrosterone, 

as metabolite of adrenocortical ster- 
oids, 527, 530-533 

biological conversion of, 3,17-andro- 
stanedione to, 535, 536 
testosterone to, 520-622 
conversion to S(6}-hydroxyetioallo 
bibanic acid, 481 
from cholesterol, 476 
17-Isodesoxycortico3terone, 
activity of, 601 

Isocquilemn, estrogemc activity of, 355 
synthesis of, 351-354 
d Isoequileuin, from estrone, 379 
identity with 14-epiequilemn, 355, 379 
f-Iaoequilenin, from lumiestrone, 379 
Isoequilm conversion to 14-epiequilenm 
367 

A* Isoequilm, 
activity of, 376 
conversion to estrone, 376 
from 7 hydroxyestrone, 376 
li-Isoequilm A, conversion to 14-epi 
equilenm, 376 
from equilin 376 
Isoestradiol 
activity of, 376 
conversion to 8-isoestrone, 376 
from dehydroequilin 367, 375 
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Isoestnol, 

activity ot, 378 
from Estradiol, 378, 380 
16-onnunocstfone, 377 
Isoestnol A, from estrone, 379 

5- Isoeatrone, 
activity of, 376 

from 8-isoestradioI, 376 

9- Ieopregnane, see Urane 
17-Isoprogesterone, 

activity of, 445, 501 
coniersion to progesterone, 42l 423, 
445 

IsIeU of Langerhana, ecc Pancreas 
K 

Ketene, acetylation of insulm with, 310 
effect on adrenocorticolrophie hor 
roone, 673 

gonadotrophic hormones, 840 
growth hormone, 685 
lactogenic hormone, 65S-6S9 
ll-Ketoandrosterone, 
biological convereion of adrenal ater* 
Olds to, 538 

U*Ketodehy^isoaodrosterone, 
biological eonyeraion of adrenocortical 
steroids to, 527 
1 l*Ke to*3-desoxy equiletnn, 
from equilerun, 377 
source of, 387 

ll-Ketoequilenm, from equdentn, 377 
S'KetO'ai-estrsdiol, 
activitv of, 377 
from estradiol, 376-377 

6- Ketoestrone, from «trone, 377 
7'Ketoestrone, 

activilj of, 377 

as intermediate m the biologica! con- 
wesata of esrfrwe to «fw7, ■ftW 
conversion to 7 by droxy estrone, 377 
from 7,5-equilinglycol, 377 
inactivation of, 400 

10- Ketocslrore, 

as mtennediate m the biological con- 
version of estrone to estriol, 400 
from estrone, 377, 379 
IJ-Ifetoisoasdrosterone, as luetabobte 
of adrenocortical steroids, S27 


l-Keto-7-methoxy'l,2,3,4-telrahydro- 

phenanlhrene, 

conversion to equilenm, 352, 355 
Ketone (CtiKti-ioOi}, 
physical properties of, 555 
20-Ketopregnane compounds, 
from bile acids, 412~416 
ff-Ketoprogesterone, 
activity of, 439 
partial synthesis, 438-441 
I I'Ketoprogest erone, 
partial synthesis of, 441 
3-Ket03teroid5, absorption spectrum of 
494 

colorunetnc determination of, 496 
polarographic determination of, 493 
t7-Kct03terojds, 

absorption spectrum of, 494, 495 
arising from periodic acid oxidation of 
cortical metabobtes, 611-613, 616 
as metabobtes of adrenocortical ster 
Olds, 526-534 
of testosterone, 520 521 
chemical determination of, 494-496 
colonmetnc detennination of, 496 
from 20'ketosteroids, 430-433 
occurrence as artifacts in unne, 486- 
488 

polarographic detemiination of, 493 
source of, 607-609 

unnary excretion of as mdex of 
adrenocortical function, 607 
of, in Addison s disease, 503, 515, 
533 

levels in animals, 516, 517 
in men, 496-516, 602 
rO-Kelosteroids, 

absorption spectrum of 495 
brommation of, 435-438 
colonmetnc determination of, 496 
eoatvrsioji to et/ochoisnjc 433, 
434 

degradation to 17 Tsetosteroids, 430-433 
oxidation of, 434-436 
polarographic determination of, 493 
Kidney bean, see PAasecIus trulgans 
Kidneys, 

effect of parathyroid hormone on, 294 
of renal insufficiency on parathyroid 
279, 284, 287-289 
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inhibition of estrogens by, 389 
role of, m progesterone metabolism, 
458 

Kynuremne, 

relation to “gene hormones,*’ 144, 145, 
154 

role of, m eye pigment formation of 
DrosophJs, 144, 145 
source of, 145 

L 

Laccase, inhibitory effect on estrogens, 
393 

Lactation, 

combmed action of cortical extract 
and prolactin on, following 
hypophysectomy, 768 
estrogens and prolactin on, 776 
effect of adrenal cortex on, 757, 761- 
767 

androsterone on, 775 
anterior pituitary cm, 74^761 
estrogens on 773-775, 778 
hypophjsectomy on, 755-758 
ovariectomy on, 774 
parturition on, 773 780, 783, 784 
progesterone on, 775 
prolactin on, 780ff 
testosterone on, 77s 
effect on parathyroid, 279, 284 
hormonal control of, 745-799 
initiation of 776-778, 780-790 
mechanism of 746, 755 760, 791-793, 
798 

relation between blood sugar and 757 
760 

role of duct system in milk output, 745 
lobule-ah eolar system in milk out- 
put, 745, 746 

stimulatmg effect of placenta on, 755 
756 

pregnant uterus on, 755 
thyroid and, 767-.773 
Lactogenic hormone, of anterior pitui 
tary, see also Prolactm, Mammogens 
648-664 

assay of 648-650, 781, 782, 784, 785 
composition of, 655-657, 687 
effect of detergents on, 660, 661 


enzymes on, 660 
heat on, 660 
urea on, 660 

effect on corpus luteum, 634 
on mammary growth, 723, 748 
identity mth pre)acUs, 78i 
isolation of, 651, 652 
physicochemical properties of, 652- 
654, 686 

reaction with cysteine, 658 
iodine, 657, 658 
ketene, 658, 659 
methyl alcohol, 659, 660 
thioglycohc acid, 658 
species vanations in activity of, 654, 
655 

Lactones, cstric, 
activity of, 379 
preparation of, 378, 379 
Lactose, prevention of parathyropriial 
tetany by, 264 

Lantbiomne, isolation from insulm, 309 
Leaf gronth substances, sources of, 99ff 
Leaves, antifloivenng action of, 96 
as receptors of pbotopenodie stimulus, 
85 

as source of auxm, 42> 96 
effect ei hght on growth d, QS 
on root formation of cuttings, 37 
flower-forming action of, 95, 96 
formation of thiamine in, 104, 105 
growth inhibitory effect of, 42 
root forming factor in, 37, 112 
substances promoting growth of, 99- 
101 

thiamine content of, 103 
Lemna, isolation of auxin from, 23 
Lepidoptera, 

effect of corpus allatuni on develop- 
ment of, 125 

endocrine activity of brain m, 147 
corpus allatum in, 125, 147 
prothoracic glands in, 147 
source of hormones m, 148 
Leptohormone, 

cell division in plants and, 76 
possible identity with auxin, 76 
Leucine, in insulin, 308 
Leucopbaea, 



SUBJtCT INDia, 


871 


effect of alhtcctomyon metamorphosis 
of, 132 

on. testis of, 13G 

Cflslration on corpus aUatum 136 
corpus allatuin on accessory act 
gtsnds of, I36-13S 
on egg de\elopment in, 140 
hormonal control of postembrjonic 
development of, 152 
Lt^cophara modrrae 
cSect, <t! corpus sUstunj oit orartes m 
134 

source of hormones in, 150 
Light, see also Photopenodism 

effect of carotene on inactivation of 
auxin b) , 33 
on auxin actiiit), 32, 33 
, content of roots, 4G 
growth of lcs\cs, 03 
protoplasmic streaming, fit, 62 
transport of auxin, 23 32 
Lilac, isolation of groK(h*uilubttu)g 
Buxm from lea\ e$ of, 41 
A* *t.Lithoebolenic acid, from desox) 
cbohcflcid, 579, 5S0 
Lithoeholie acid, 

conversion to pregnaii*3(«i)>oI 20^nc, 
415, 416 

from chohe acid, 413 
desoxj cholic acid, 415 
Lit cr, 

effect of secretin on, 214, 217 
estnnase in, 3S9, 393 
macti> ation of estrogens b^ 3S9-392 
394, 395, 399 

lucthyltestosteroDc be , 534 
testosterone bx , 534 
prolactm in, 795 

role of, in estrogen inctalioli“iii, 3s6 
m progesterone inofabolisnj, JSS-IS*) 

I uciha, 

effect of castration on Corpus aliatum 
of, 136 

corpus allatutn on necisson sex 
glands of, 136 
Lumiestrone, 
actinty of, 379 
configuration of, 379 
conversion to lummiarnanobc and, 
369, 371 


from estrone, 379 

Lycopus, inhibitory effect of mdoleacetic 
acid On flowering of, 95 

M 

Magnesiuxo, inhibitory effect on root 
formation, 37 

Afaleic acid, wound hormone activity of 
79 

Males, unnary excretion of androgens in 
normal, 500-502, 615 

in eunuchoid, 504-506, 515 
of IT-Vetoateroids in normal 500- 
502, 615 

in eunuchoid 504 506, 515 
Mammary gland, 

combined action of desoxycorticoster 
one and estrogen on 713 
of estrogens and pregneninolone on, 
712 

of estrogens and progesterone on, 
709--712 

effect of adrenalectomy on, 713 
androgens on 72S-T30, 733 
anterior pituitary on, 71&*730 
desoxy corticosterone on, 712, 713 
estrogenson 703, 704, 712, 722, 774 
lactogenic hormone on 723 
pituitary on, 703, 747 
progesterone on, 703 
prolactin on 798 

eodoenne control of growth of, 695- 
739,795 

lactation and development of, 791 
morphology of 695-701 
relaUoQship between adrina! corte\ 
and 712 

species variations in rispoiise of to 
hormones, 713-715 
Mamniogen Z (duct groivth factor), 
assay of, 720 
nature of, 721 
solubihty of, 721 
source of, 716, 720, 72o 
unit of, 720 

Mammogen II (lobule-alveolar growth 
factor), 

assay of, 722, 723 
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effect of progesterone on secretion of, 
722 

nature of, 723 
source of, 716 
unit of, 722 

Mares, estrogens in urme of pregnant, 381 
pregnane derivatives in unne of 
pregnant, 447, 450 

Maman-Parkes-Mather method, for es- 
trogen assay, 342, 343 
Mamanohe acid, 
activity of, 364, 366, 399 
conversion to doiajrnohe acids, 37 
preparation of, 363, 364 
Masculmisation, due to hjperaclivily of 
adrenal cortex, 471 
Megaloptera, 

hormonal control of postembryoruc 
development of, 127 
Melandnum dtoertum 
effect of sex heemonee on sex of, 108 
Melanoplus, 

effect of csrdiacectomy m, 149 
castration on corpus aUatum of, 136 
corpus allatum on, accessory sex 
glands of, 136, 138 
on blood color of, 146 
metabolic hormone m corpus allatum 
of, 139, 140 

^I<lanoplus differentials, 126 
effect of corpora sllata on ovaries of, 
134 

Menstrual cjcle, estrogens and, 385 
Metabolism, 

effect of adrenals on, 317 
hormones on, 315 

parathyroid hormone on basal, 271 
on phosphorus, 270 
factors controllmg, 316 
of estrogens, 380-400 
rote of insuUa in phosphate, 32511 
Metakentrin, see Interstitial cell-stimu- 
lating hormone, of anterior pituitary 
Methionine, effect on estrogenic activity 
392 

G-Methoxy-l-iodonaphlhalene, as mtei 
mediate m equilenin synthesis, 352 
vt-Methoxjplienylacetic acid, 
a> nthesis of doisynoln. atid from, 3^- 
366 


6-Methoxy-l-vinyI-3,4-dihydronaphtha- 
lene, synthests of estrone isomers 
from, 356 
Methyl alcohol, 

reaction mthlactogeruc hormone, 659- 
660 

A»-McthyIandrostene-3(i9), 17(a)-diol, 
baetenal oxidation of, 535, 637 
2-MethyI-4-chlorophenoxyacctic acid, 
growth actit ity of, and of derivs , 44 

20- Methylcho\anthtcne, 
carcinogenic actiiity of, 388 

I-Methylestradiol, 
estrogenic activity of, 361 
partial synthesis of, 361, 362 

1- Methyleatrone, partial synthesis of, 

360, 362 

2- Metbyh4-fluoropheooxyscettc acid, 

growth activity of, 44 
Methyliodide, inaetivstioa of msulio by, 
3U 

Methylnaphtbslene acetate, inhibitory 
effect on buds, 42 

I-Methylpenlene 2,3-dioiie, synthesis of 
estrone isomer from, 356 
17- Metby Jpregest erone, 
activity of, 446 

21- Metby Iprogesteronc, 
activity of, 446 

partial synthesis of, 440, 443 
17-Methyltcstoatetone, 439 
activity of, 447 

and inodes of administration, 534 
effect on mammary grov.th, 729 
uterus, 347 
inactivation of, 534 

-4-M«thyUhia»ole-5-acaUc acid, effect on 
root formation, 36 
Microorganisms, 

eonvemon of tryptophan to indolc- 
acetic acid bv, 24 

Milk, 

hormonal control of composition of, 
793-795 
t/inwMa pudiea 

isolation of viound hormone from, 7l) 
Mineral appetite, 
effect of nephrectomy on, 293 

parathyroidectomy on, 272, 292-293 
Mineral intake, 
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effect on activity of parathjToid, 270 
Mineral metabolism, 
effect of adrenal cortex on, 263 
parathyroid glands on, 257, 263, 266 
Molting, 

effect of hormones on, in crustaceans, 
18S-192 

in insects, 123ff , 130 
Jfonley, androgens in unne of, 516, 517 
17-ketosteroida m urme of, 516, 517 
Monodehydrodoiaj’nolic acid, structure 
of, 367 

synthesis of, 369 

SfveoT mucedo, hormonal control of 
sexual reactions m, 117 
Mucosa, gastric, 235-243 

attempted isolation of active prin- 
ciple from, 240 
secretin in, 235 
intestinal, 203ff , 

as source of gastrointestinal hor 
mones, 203, 206, 218, 220, 225 
isolation of pancreoi}’min from, 
228 

Muscle, effect of msulia on glycogen 
formation m, 322, 323 
parathyroid hormone on contrac- 
tion of, in isolated frog leg, 277 

K 

Nails, 

effect of hypoparathyroidism on, 261 
l-Naphthalenescetamde, 
auxin activity of, 20 
Vaphthaleneacetic acid, 
effect on flowering of pmeapple, 96 
gall like s-nellings arising from, and its 
derivatives, 62 
growth activity of, 48 
inhibitory effect on buds, 40 
interaction with indolcacetic acid, 37 
with indc'ebutync acid, 37 
rate of transpK,.-t of, 28 
1-N'aphthaleneacetic acid, 
auxin activity of, 17, 18, 20 
cfNaphthaleneacetic acid, 
effect on root formation, 36 
Naphthaleneacetomtnle, 
auxin activity of, 20 


Naphtha!eae-l-nitro-(aci) methane, 
auxin action of, 20 
Kapbthoxyacetic acid, 
effect of, and its derivatives on root 
formation, 36 

partbenocarpie activity of a-, 63 
Napbthylaeetamide, effect on root forma- 
tion, 36 

Naphthjlmethylsulfonic acid, 
effect on root formation, 36 
l-Naphthylnitromethane, 
auxin activity of, 19 
Neoergoaterol, 
preparation of, 360 
estrone isomer from, 360, 361, 362 
structure of, 360 

Neopregnenolone, conversion to neopro- 
gesterone, 422, 424 
from dehydraisoandrosterooe, 422, 424 
structure of, 424 
Neoprogesterone, 
activity of, 445, 446 
from aeopregnenolone, 422, 424 
structure of, 424 
Nephrectomy, 

effect of paratbyroidectomy on bone 
resorption foUowmg, 271 
on rnmeral appetite, 293 
paratbyroid hormone and, 269 270 
Nephntis, 

effect of Parathyroid hormone on, 271 
Nervous system, 
effect on lactation, 798 

central, as source of ehromatophoro- 
trophic hormones mcnistaceans, 

175-180 

endocrme activity of neurosecre- 
tory cells, 123, 149 
number of chromatophorotrophms 
m, of crustaceans, 179, 180 
Neurohonnones, 2 

Neurospora, effect of iodoacelate on 
growth and respiration of, 59 
Nicotmie acid, 
diatnbution in plants, 106 
effect on root formation, 37 
plant hormone activity of, 106 
transport through plants, 106 
Nitrates, 

effect on root formation, 37 
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Nitrous acid, effect on adrenoeortico 
trophic hormone, 673 
on growth hormone, 6S5 
inactivation ot msuhn by, 311 
5-\onanol l,9-dicarbo3fyhc acid, wound 
hormone activity of, 79 
5-Nonanone-l,9-dicarboxylic acid, wound 
hormone activity of, 79 
A‘-Nonene-I,9-dicarboxyiic acid, 
wound hormone activity of, 79 
A*-Nonene-l,9-dic8rhoxyhc acid, 
wound hormone activity of, 79 
Nordesoxycholic acid from deoxycholic 
acid, 413 

10-Nordesoxycortieosterone, 
activity of, 599 
a-Norequilenin, 
estrogenic activity of, 359 
aynthesia of, 359 

lO-Norprogesterone, activity ot, 439, S99 
20-Norprogesterone, 

activity of, 446 
partial synthesis of, 440 
Nyetopenod, 89 

O 

Oat seedlings, isolation of pure hormone 
from, 2 

A*’ Octadiene 1,8'dicarboxyhc acid, 
wound hormone activity of, 79 
A* Octene 1,8-dicarboxylic acid, 
wound hormone activity of, 79 
Orthopleia 

effect of fat bod> on egg maturation 
m, 135 

endoerme activity of corpus allatum 
m, 124, 125, 147 
of corpus cardiacum in, 147 
source of hormones m, 148 
Ovarian hormones, (see also Estrogens 
and under name of individual coin> 
pounds) 

assay of, 333-317 

effect of anterior pituitary on manuno* 
genic activity of, 735 
on lactation, 733-780 
uterus, 708 

role of, in lactogenic response to pitui- 
tarv extracts 750, 751 


INDEX 

sources of, 335-339 
Ovanectoray, 

effect of mammogen II on mammary 
growth {oHowing, 722 
lactation and, 774 

urinary excretion of androgens and, 
606-508, 511, 512. 515 
17-ketosteroids and, 506-508, 511, 
512, SIS, 533 

Ovanes, as source of allopregnanediols, 
619 

of androgens, 398, 470 
estrogens, 2, 380, 381, 385, 397 
pregcanediol, 619 
progesterone, 347 

effect ot corpus allatum on, ot insects, 
134 

removal of, on urmary excretion of 
androgens, 506-508, 
511, 512,615 
17>ket«8teroid8, 506-508, 
611, 512, 515, 533 

on mammary response to androgens, 
729 

isolation of estrogen from, 2 
role in mammary growth, 736 

I 6 >Ouminoes 1 rone, 
conversion to isoestnol A, 377 
preparation of, 377 

P 

Palmitic acid, activating action on 
androgens, 493 

Pancreas, diabetes mellitus and, 303 
effect of alloxan on islets of, 321 
hyperglycemia on islets of, 319 
pancreoaymm on, 220 
secretin on, 203ff , 213 
on lactation, 790 
endoenne function of, 318-327 
cnayme production bj, 218 
factors mfluencmg insulin content of, 
318S 

histology of islets of Langerhans 304 
hormonal stimulation of secretion of, 
205 

internal secretion, 301-327 
islets of Langerhans as source of 
insulin, 304 
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csoifttion of insuha from, 2, 305 
use of secretin m the differentiil 
diagnosis of diseases of the, 216, 
217 

zmc content of human, 307 
Pancreatectomy, 

amma! food habits and occurrence of 
glycosuna following, 3W 
effect on lactation, 700, 791 
Pancreosymin, 217-220 
assay of, 218, 219 
climeal apphcation of, 219 
demonstration of, in eeeretm concen* 
trate, 217 

effect on composition of pancreatic 
jmce, 217 
on pancreas, 220 
enzymic inactivation of, 219 
hormonal nature of, 218 
preparation of concentrates, 218 
solubility of, 219 
source of, 218 
stability of, 219 
Pantothenic seid, 
distribution in plants, 106 
effect on estrogenic activity, 391 
plant hormone actinty of, 106 
sources of, 106 
transport through plants, 106 
Parathyroid glands, 
accessory, 258, 2S9 
anatomy of human, 257, 258 
of ammal, 258 

bone cell theory of activity of, 270 
chemical control of activity of, 279ff 
effect of estrogens on, 278 
lactation on, 279, 284 
mineral intake on, 279-282 
pregnancy on, 279, 282-284 
rickets on, 279 
testosterone on, 278 
on calcium metabolism, 256, 2ffl 
creatine excretion, 269 
mineral metabolism, 257 
phosphate eMretion, 269, 270 
embryology of, 257 
endocnne nature of, 256, 265 
histology of, 257 

hormone of, see Parathyroid hormone. 
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mmeral metabolism and, 257, 266 279- 
282 

relation to adrenals, 278 
Parathyroid hormone, 
absorption spectrum, 274 
assay of, 276, 277, 294 
bone cell theory of action of, 270 
composition of, 275 
denuneraluatjon of bones due to 
overdosage of, 263 
diurebc action of, 271 
effect on basal metabolism, 271 
blood calcium, 265, 266 
phosphorus levels, 267, 294 
pressure, 271 

protein concentration, 272 
calcium metabolism after nephrec- 
tomy, 269 

excretion of radioactive phosphorus, 
267, 294 

gutnc luice in dogs, 271 
nephritis, 271 

unnary phosphorus ezccebon, 265 
extraction of, 272 

fatal effect of overdossge of, in dogs, 
267-268 

mactivation, 273-275 
isolation of, 256, 294 
mods of action, 269 
physiological activity, 276 
proteu nature of, 273, 274 
punficstion of, 272-273 294 
relation to pituitary, 277, 278 
thyroid, 278 

sex differences in weight of, 278 
smulanty to insulin, 276 
solubility of, 275 

species differences in response of skele* 
tal tissue tOj 290 
stability of, 274 
unit of, 276 
yield of, 276 
Parathyroidectomy, 

cataract formation following 261, 272 
dietary requirements foUowmg, 259 
effect of calcium chloride on neuro- 
muscular transmission after, 261 
on blood calcium level, 284 
on fertility in rats, 284 
mineral appetite, 292, 293 
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nails, 261 
skin, 261 
teeth, 291-292 

urinary phosphorus excretion, 263 
effects oi, 259-265 

neuromuscular symptoms after, 260, 
261 

survival rate, 259 
tetany and, 262, 263, 264 
Parthenocarpy, 771 
auxins and, 53, 54 
Parturition effect on lactation, 773 
Pea plants auxin inactivating enzyme 
in 17 19, 53 

Peas, leaf growth aubstantes from diffu 
sates of, 99 100 
Pepsin, 

effect on adrenotrophic hormone, 673 
growth hormone, 684 
thyrotrophio hormone, 665 
inactivation of inauhn by, 313 
lactogenic hormone by, 660 
Penlla nan^tneruu, 87, 88 
Penlfa oeymotdes 88 
Penstaltm, 233 
Phalans, pbototropism in, 6 
Phaseolus, transport of auxin through 
seedliiigs of, 32 
Pkateolui mtlgaru, 
hormones from, 76 

substances promoting root formation 
m, 111 

Phenoxyaeetic acid, 
auxin activity of, 21 
effect of, and its denvatives on root 
formation, 36 
Phenylacetic acid, 
effect on root formation, 36 
interaction with indoleacetic acid, 37 
mobilization of rhizocahne by, 113 
relative auxm activity of, 18 
Phenylalanine, 

conversion to tyrosine tn tttro, 388 
in insulin, 303 
Phenylbutync acid, 25 
growth activity of, 18 
relative auxin activity of, 18 
Phenyhsocyanate, reaction with itumlm 
311 


Phosphates, metabolism, role of insulin 
in, 325ff 
Phosphorus, 

effect of parsth>roid Iionnoiic on 
metabotiam of, 263, 266, 267, 270, 
294 

thyroparathyroidectomy on urinary 
excretion of radioactive, 267 
Photomactivation, see also Light 
carotene and, of auxm, 82, 33 
of mdoteacetic acid, 34 
Pbotopenodiem, 84ff 
Phototropism, 6, 26, 32-34 
detection m seedlings 20 
in fungi, 33 
nature of, C 

Pbycomycea, indoleacetic acid tn, 33 
Pkyeamycet blolirsleranus, 
effect of hutarome on, 117 
thiamine on, 103, 117 
hormonal control of sexual resctions 
in, 117 

Pbytohormones 
definition, 8 
Phytmonat fumefactera, 
auxin content of galls arising from, 52 
Plcrocrocm, hormone activity of, 109 
Pigments, chemical nature of, in crus* 
taceans, 164ff 

Pineapple, effect of auxins on flowering 
of, 96 

Fipendine, reaction with insulin, 311 
Fisum, 
auxios in, 17 
indoleacetaldehyde m, 25 
Pilocm, effect on lactation, 792 
Pituitary, anterior, 
activities of extracts of, 75S-760 
administration of extracts of, to 
dairy animals, 752-755, 758 
effect of extracts of, on lactation, 756 
on mammary gland, 747 
nnlk fat, 794 
ovaries, 633 
testis, 633 

effect on carbohj drate metabolism, 
326, 757 

lactation, 746-761, 781, 782 
mammary gland, 703, 716-730 
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roammogemc activity of ovarian 
hormones, 735 
rnetabolism, 316, 317 
ffalsctopoielic actnity of cxtracla of, 
7SS 

hormones, chemistry of, 631-693 (see 
also under name of mdlv^dua^ 
hormones) 

msulotrophic principle in, 320 
interrelationship bctiieen estrogens 
and hormones of, in control of 
mammary growth, 726, 727 
lactogenic properties of extracts of, 750 
luteolrophic activity of extracts of, 
797, 793 

marntnogeRic activity of, 721 
protein nature of hormones of 6S0 
relation between ovanan hormones 
and mammogens of, TlSff 
role of ovanan hormones m lactogenic 
response to extracts of, 750. 751 
species Tanations m Isetogeoic re- 
sponse to, 751 

Pituitary gland, as possible source of 
estrogens, 335 

effect of estrogenic lactone# on 400 
estrogens on prolactin content of, 
7S3 

irradiated estrone on, 379 
eosinophilic cells of, as source of 
prolactin, 705 

mammogen I in, of cattle, 725 
mammogenic activity of, 713, 727 
relation to parathyroid, 277, 278 
to thyroid, 661 

role of, in mammary response to 
androgens, 730 
in nipple growth, 738 
unnary excretion of androgens in 
diseases of, 509, 575 
of 17*ketoateroida in diseases of, 
609, 575 

Pituitary, posterior, effect on lactation, 
791-793, 798 

isolation of pure hormone from, 2 

Pituitnn, effect on salivary seeretron, 
243, 244 

Placenta, as endoenne organ, 736 
as source of allopregnanediols, 619 
androgens, 471 


estrogens, 380, 381, 385 
prcgnancdiols, 615, 619 
progestin, 453 
progesterone, 347 
prolactin, 795 
effect on lactation, 755, 756 
mammary growth, 734-736 
Plant, growth hormones, see Hormones, 
plant growth 

tissues, extraction of auxins from, 22 
Plants, 

as source of estrogen inaetnating 
eneymes, 393, 391 
ouxin and wound growth m SO 
produced in bacterial infections of, 
21 52 

distributiats a! patsicthentc ncid rri 100 
pyndexine m, 105 
thiamme m, 103 

effect of auxin on respiration of, 60 
defoliation on flowering of 06 
enjyinea on growth of, 59 
lodoacetate on water uptake 164 
sugars on water uptake, 64 
electrical polarity and transport of 
auxin through, 23-30 
factors involved in stem growth of, 
114ff 

hormonal control of cell division in, 76 
hormone excretion m uiiurcd, 76 
inhibitory effect of auxin on flowering 
of, 94-97 

isolation of auxms from 22, 23 
“laziness 'of, 31, 34 
long-day, 84, 85 

meebamsm of auxin transport through, 
26-30 

physiology of w ound grow th in, 30 
reaction to wounding 76-82 
relation between growth and respira- 
tion in, 58-60 
and salt uptake is, 64 
and water uptake in, 63-65 
role of thiamme m, 105 
sliort-day, 84, 85 

transport of araiao acids tlirough, 28, 
29 

pantothenic acid through, 106 
pyridoxine through, 106 
thiamine through, 404 
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tropisma la, 6, 26, 32-34 
Poa alpina, 822 

growth activity of estrone for, 107 
Pollen, bud inhibition by, 39 
isolation of auxin from, 52 
Pop^lus baUamifera, 

effect of wounding on, 81 
Potassium, rnetabobam, 
effect of adrenal cortex on, 263 
Potato, dormancy of, 41 

n-Pregnadien-Sffll-ol 20-one from de- 
hydroisoandiosterone, 420, 421, 423 
from diosgenin, 411 

Pregnancy, eolonmetric assay of estrone 
in the diagnosis of, 336, 333 
effect on lactation, 780, 783, 784, 787, 
789, 790 

parathyroid, 279, 282 
production of estrogens, 396 
unnary excretion of adrenocortical 
metabohtes, 619 
of androgens, 514 
of estrogens, SSOff 
of 17 ketosteroids, 514 
role of estnol m, 385 
Pregnane derivatives, 
configuration of reduction products, 
427-429 

from bile acids, 418 
progesterone, 425ff 
sapogemns, 418 

reactivity of functional groups in, 430 
sources of, 418 
stereoisomenzatson of, 429 
3(a),20(al-Pregnancdiol, 

as metabolite of cholesterol, 622 
desoxycorticosteronc, 615, 616, 619 
progesterone, 603, 615, 619 
conversion to progesterone, 416 
from 30S),16,2O-pregaanetnol, 411, 412 
metabolic precursors of, 454, 455 
sources of, 335, 449, 453, 454, 467, 481, 
615 

synergism with progesterone, 347 
urmary excretion of, as indication of 
adrenocortical function, 602, 606 
3(a),20(a)-Pregnanediol glucuronide, 455 
partial synthesis of, 456 
structure of, 452, 456 


Pttgnane-3(«),6{d)-diol.20^>ne, from hyo- 
desoxychohc acid, 415 
Pregnane-3(B),12(o)-diol-20-one, from 
desoxycholic acid, 413-415 
Pregnane-3(«),17-diol-20-one, see 17-Hy. 
droxypregnanolone 

Pregnane-3(a),17-diol-20-one, adrenocor- 
tical function and urinary excretion 
of, 602, 606 

3,20-Pregnanedione, configuration of re- 
duction products, 427 
sources of, 448, 620 

3(a),ll,20-Pregnanctnol A, see Urane- 
tnol 

Pregnanetnol B, see, 3(a),16,20-AIlopreg- 
nanetnol 

3(d),16,20-PregnBDetnol, 
conversion to 3(a),20(a)'pregnane(iiol, 
411,412 

from sarsasapogenin, 411 
3(a),17,20-PregnaDetrioI, 
configuration of, 616 
conversion to etiocholsn-3(a)-ol-17- 
one, 432, 433, 616 

from 3(<t),20(a)-pregQanediol, 4S1, 432 
source of, 616 

unnary excretion of, and adrenocorti- 
function, 602, 606 
3{«)-Pregnanol, source of, 620 
Pregnasob, sources of, 449 
Pregoan 805)-ol 3,20-dione, 
conversion to progesterone, 415 
from hyodesoxychohe actd, 415 
PregnaD-3(a}-ol 20-one, 
configuration of reduction products, 
427, 429 

from hthocholic acid, 415, 416 
glucuromde of, 456, 457 
source of, 620 

Pregnanolones, source of, 335 
A‘-Pregnene-3(fl),20ct-diol, 
source of, 615 

A*.Pregnene 3(0},2Oa-dioI, urinary excre- 
tion of, as mdication of adrenocorti- 
cal function, 602, 606 
A'-Pregnene-17G9),2oU).diol, metabolic 
conversion to l7-ketosteroid8, 533 
A*-Preguene-ll(6),21 dio\'3,20-dione, see 
Corticosterone 

A<-Pregnene-17 ‘0",21-dioI-3,2O-dione, 
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physical properties, 554 
source, 554 

A'-Pregncne-20,21-dio] 3,11-dione, 
physical properties, 554 
source, 554 

A»-Pregnene^(5),17'‘^”Miiol.20-one. 
configuration, (/02-603 
isolation of, 602 
source of, 603 

unnary excretion of, m cancer of 
adrenals, 602, 606 
A«-Pregnene-20,21 diol-S-one, 
activity of, 601 

A‘-Pregnene-l7(fi),21-<iiol.3, 11,20-tnone, 
see 17-Hydroxy.li.dehydtocorli- 

costerane 

d^Pregneae-3,20-dioDe, see Trogesterone 
A‘>-Prcgnene-3,20-diQnB, 
activity of, 445 

conversion to progesterone. 445 
partial synthesis of, 445 
reduction of, 445 
4*>Pregnene>4,20-dioae, 
stnietureof, 417, 41S, 41d 
a*'»Pregaene-3,20-dione, 
partial synthesis of, 410, 411, 445 
A‘-PregQen-l7"fi”-<l-3,20-dione, see 17. 

"fi’'*Hydnjjyprogeatcrone 
^*.J’r*^eij.21.oJ.3r2f^^one, see 
corticosterone 

A‘.PregiieDe.ll(fi),l7“B'',20,21'tetrol- 

S-one, 

metabolic conversion to IT.ketoster. 

Olds, 529, 530 
physical properties of, 553 
source of, 527, 553 

A‘-PregneDe-ll{iS),17“B",21'tnol-3,26- 
dione, see 17.Hydr<ixycorticosterone 
a*-Pregnene-17‘'^’',20,2l.triol 3,ll.dtone, 
metabolic conversion to 17-ket08ler- 
oids, 529, 630 
physical properties, 553 
aoxiTK, 527, 553 

A’-Preguen.l7 3,20-dione, see 17- 
** fi "-Hydroxyprogesterone 
Pregnenolone, 

comparison of acetoicy-, with proges- 
terone, 713 

conversion to progesterone, 455 
from cholesterol, 57 


sources of, 44S 

A<-ftegnen 20(a)^5l.3-one, from A*.preg- 
nen 3(0), 20(a) diol, 43S 
A^Pregnen.3(fi)'Ol-2(l-one, 
as metabobe precursor of progesterone 
459 

configuration of reduction products 
429 

conversion to 6C0)-acetoxyproRester- 
one, 438-441 
allopregnasediols, 425 
^preganolones, 426 
dehydroisoandrosterone, 432, 433 
30}-hydroxy-A*-etiocholenic acid, 
434 

fr-ketoprogesterone, 43S 441 
progesterone, 412, 413 416,441,445 
from cholesterol, 408 409 
dehyditiisoandrosterone, 429-424 
3()9).hydroxy-4*.bisnorcholemc sad, 
412, 415.416 

isolation from swine testis, 481 
metabolic conversion to 3(a}, 20(a). 

prtgnanediol, 454, 455 
source of, 455 
Pregnenolone derivatives 
configuration of, 438-141 
A*-PregneDe.21<«1.3 ll,20‘triOT)e, eee De. 

hydrocorticosterone 
Pregnenin-17.ol-SK)nB, 
activity of, 439. 446. 539 540 
combined effect of, and estrone ou 
mammary growth, 712 
partial synthesis of, 446 
Pro«trogcns, 

formation of, following administration 
of chonomc gonadotrophin, 39T 
nature of, 399 
IVogesterone, 
absorption spectrum, 340 
accuracy of bioassay, 346 
activity of, 440, 539, 540 
aotagoaum to androsterone, 538 
estrogens, 783-787 
testosterone, 538 
biosseay of, 348 
blood levels of, 4 

combined action of estrogens and, on 
mammary growth, 709-712, 728 
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comparison with acetoxypregnenolone, 
713 

desoxycorticosterone, 713 
conversion to desoxycorticosterone, 
436 

pregnanediols, 425 
pregnanolones, 425 
determination of, 335, 340 
effect of ultraviolet bght on, 438 
on lactation, 775, 738 
mammary growth, 708, 713, 714, 
723, 728, 739 

secretion of rnammogen II, 722, 
723 

excretion of, 347 

from allopregnane compounds, 417-419 
bile acids, 412-417 
cholesterol, 408-410 
dehydroisoandiosterone, 420-424 
pregnane compounds, 41S, 417-419 
sapogenina, 410-412 
stigmasterol, 409, 410 
international unit of, 334, 346 
metabolic conversion to 3(a), 20(a)- 
pregnanediol, 454, 455, 457-459 
metabolism of, 447-460, 608, 609, 615, 
619 

physical properties of, 556 
partial synthesis of homologs of. 446- 
447 

of isomers, 445, 446 
role of kidneys m metabolism of, 458 
liver m metabolism of, 458, 459 
sources of, 346, 447-455, 608, 619 
stereoisomenzation of, 429 
synergism with pregnanediol, 34V 
Progesterone dernatives, 
actinty of, 439 
metabohsm of, 447-460 
partial syntbeais of, 438-447 
sources of, 447-454 
Progesterone, homologs of, 
activity, 601 

partial synthesis of, 446, 447 
Progestin, effect of estrogens on, 453 
Prolactin, see also Lactogenic hormone 
of antenor pituitary 
antagonism to estrogens, 774 
assay of, 795-797 
clinical application of, 752 


combined action of adrenocortical hor- 
mones and, on lactation following 
hypophysectomy, 756, 768 
of estrogen and, on lactation, 776 
effect on mammary gland, 749, 760, 798 
pigeon crop gland, 748, 750, 760 
growth activity of, 750 
lactogenic actmty of, 750-752 
luteotrophic activity of, 749 
Profme, m msufin, 308 
leaf growth activity of, 99 
Protamme, combination with insubn, 
313, 314 

Protein-auxm complexes, 23, 64 
Protem precipitants, 

effect on gonadotrophic hormones ot 
antenor pituitary, 641 
Protein-steroid conjugates, 3 
Proteins, 

administration of lodinated, to dairy 
animals, 770 

dietary, as source of auxins m unne, 22 
effect of lodinated, on milk fat, 794 
punffed wheat, as source of auxin, 22 
PtoUua X 

mhibitory effect on estrone, 394 
Protoplasm, 

effect of auxin on streammg of, 60, 61, 
65 

relation between growth of plants and 
streaming of, 60 
Pseudoauxm a, 
activity of, 19 

conversion of auxin a into, 16 
Pseudosareasapogemn, 
from sarsasapogenm, 411 
Plychopoda senata, eye color pigments in, 
144 
Puberty, 

annary excretion of If-ketosteroids m 
precocious, 511 
Pupation, 

endocrine control of, 125-128 
Pannes, 

effect on root formation, 111 
leaf growth activity of, 99 
I^lorUs, preparation of gastrin concen- 
trate from, 241 
Pyndoxme 

bioassay in plants, 105 
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distribution m pisnts, lOS 
effect on estrogenic octnity, 3oi 
plant hormone actiintj of, IO 5 , 106 
source of, 106 

transport through plants, 106 
PjTimidine, plant hormone activity of 
moiety of, 103 

R 

Rabbit, occurrence of ^-estradiol m, 334 
Radishes isolation of auxin jcvmujsnr 
from, 21 

Ram, androgens 10 urine of, £16 
Raphanus, transport of auxin through 
seedlings of, 32 

Rats, androgens in unne of, £16 
effect of growth hormone on pUteaued, 
674 

nvariectomitcd, as test animats in 
bioassa) of estrogens, 3^i, 342 
344 

‘'Redwood,” £0 
UcprodiietioD, 

effect of hormones on, of inserts, 134- 
141 

Reproductive organs, 
effect of corpora allata on accessory, 
13C, 135 

on corpora allata, 130, 137, 140 
Respiration, 

relation between, and growth of plants, 
5S-G0 

Rhixocaline, 37, 111-113 
activation of, 113 
as root-forming hormone, 57, 111 
distribution of, 113 
interaction with auxin, 112 
RAtroptiS suinus, 

isolation of auxin from cultures of, 15, 
16, 35, 43 

Khodoiu^ effect of corpus allatum on 
accessory sex glands of, 136 
on egg development in, 14o 
hormonal control of postembryonal 
development of, 152 
flAodntus prolirws effect of corpora 
allata on ovanea of, 134 
source of hormones in, 150 
Riboflavin, effect on estrogenic activity, 
391 


plant hormone activity of, 106 
sources of, 106 

Rice, effect of pobshmgs of, on rooting, 35 
Rickets, 

effect on parathyroid glands, 279 
Ring gland, 

as source of developmental hormones 
m muscoid diplera, 127, 128 
130, 133 

of GD hormone, 136 
effect 0 / iropSaats o!, on testes o! 
Drosophila, 136 
on oyanea, 234, 251 
nature of hormones in, 139 
Roots, 

effect of auxin on, 24, 35, 43-46, 82 
carotene on formation of, 108 
light on auxm content of, 46 
nutrients on formation of, 37 
pyndine on, 105, 106 
thiamine on growth of, 104, 105, 21} 
tryptophan on formation of, 24 
vitamins B on fonnatioo of, 37 
factors involved m formation of, 112 
geotropism of, 34, 45, 46 
growth activity of nicotmio acid for, 
106 

inhibitory effect of calcium on forma- 
tion of, 37 

magnesium on formation of, 37 
mechanism of nodule formation m, 52 
methods of auxm appbcation to, 38 
mtrogenous substances required for 
formation of, 111 
promotion of stem growth by, 114 
thiaiDioe content of, 1D3 
tissues producing, 33 
Rojal jelly, gonadotrophic substance in, 
135 

S 

Safranal, 

hormone activity of, 109 
source of, 108 
Salivary glands, 243, 244 
effect of hormones on secretion of, 243 
perfusates of, on flow of saliva, 244 
on carbohydrate metabolism, 243 
isolation of blood sugar-lowenng sub- 
stance from, 244 
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Salt, 

role of, in mamtammg lactation follow- 
ing adrenalectomy, 763 
uptake of, and growth of plants, 64 
Sapogenms, 

conversion to pregnane compounds, 
410-412 

to progesterone, 411, 416-417 
Sapromyeea retJischtt, 

hormonal control of aexual reaction in, 
117 

Sarcophaga, 

eSect of castration on corpus allatum 
m, 136 

of corpus allatum on accessory sex 
glands of, 136, 138 
Sarsasapogenin, 

conversion to 3{S),16,20-pregnanetnol, 
411 

to A‘*>pregnenedione>3,20, 410, 411 
to pseudosarsasapogenin, 411 
Scabiwa atropurpurea, 
effect of color of light on flowering of, 
82 

Sebacie acid, wound hormone activity of, 
79 

Seeretm, see also Qastrointestinal hor- 
mones, 20^217 
action on liver, 214 
administration of, 216 
antagonism to urogastrone, 246 
biological assay of, 203ff 
chemical poperties of, 211 
cluucal appLcations of, 216 
composition of pure, 211 
conversion of prosecretin to, 206 
demonstration of, 203-206 
of pancreozymin in concentrate of, 
217 

effect on composition of pancceatie 
juice, 214, 217 
intestinal peristalsis, 233 
pancreas, 203ff 
saUvaij secretion, 243 
effective doses, 213, 214 
hormonal nature of, 243 
hypoglycemic, 235 
inactivation of, 211, 215, 216 
isolation of pure, 206, 208, 209 
methods of extraction, 206-208 


metabolism of, 215, 216 
physiological effects of, 213-216 
polypeptide character of, 211 
sources, 206, 218, 235 
atahihty, 211 
Secretin picrolonate, 
empirical formula, 211, 217 
melting pomt, 210 
molecular weight, 210 
x-ray diffraction pattern of, 212 
strueture of, 217 
Secretmase, 222 
in blood, 215, 216 
sources, 217 

Seeds, effect of auxins on germmation of, 
54, 55 

Senne, in insulm, 308 
Sex hormones, see also under Steroids 
and under name of individual com- 
pounds 

effect on sex of Mtlandnum dtoteium, 
108 

growth activity for plants, 307 
in insects, 140, 141 
sources, 335-337, 377, 385 
Sitosterol, 

conversion of a-, to dehydroisoandros- 
terone, 474 
androsterone, 476 
progesterone, 410 

Skin, absorption of androgens through, 
519 

hypoparathyroidism and, 261 
Skotopenod, 89 
Smus gland, 

as source of hormones m crustaceans, 
185, 186, 190-192, 194 
chromatophorotrophic activity of, 171- 
173 

effect on formation of gaatroliths, 189 
190 

molting, 188ff , 191 
ovanan development, 195 
number ol chromatophorotrophic hor- 
mones in, 182 

response of crustaceans to removal of, 
173 

nte of, 170 
structure of, 171 
Sodium glycocholatc, 
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eCeet on transport of auxins, 20 
Sodium, metabolism, 
effect of adrenal cortex on, 263 
Sorbus, isolation of blastokolm frota 
fruits of, 4t 
■Spinana oferaeeo, 

effect of color of lignt on flowering of, 
22 

Spinach, isolation of auxin from, 23 
Spleen, effect of mteatmal extracts on 
contraction of, 231 

implantation of eatrogena into the, 
390, 391 

StaUion, androgens m urme of, 516 
Starch, effect of auxm on hydrolysis of, 
ei 

Starvation, imnary excretion of andro- 
gens m, 5I4-51S 
17-ketoateroids in, S14-S15 
SUtohths, 32 
Stavely's steroid, 443 
activity of, 446 
partial synthesis of, 446 
Steatorrhea, tetany due to, 266 
Steroids, see also under AdreooeorUcat 
steroids, Bonnones, Sex hormones 
and names of tadindual compounds 
arosatuatioa of, m the orgsmsm, 3S7 
efaemical structure and absorption 
spectnun of, 340 
activity of, 447 

chemistry of adrenocortical, 622-601 
conjugation of metabobc, 456, 457 
isolation from unne, 471 
metabolism of adrenocortical, 602-623 
occurrence in plants, 108 
phytocbenucal transformations of, 456 
plant hormone aclivily of, 107, 108 
polarographic assay of, 340 
Stigmasterol, convenion to androsterone, 
476 

to ll-desoxycorticosterone, 56! 
to progesterone, 409, 410 
oxidation of, 410 

Stilbene, conrereioa to 4,4'-dihydnwy' 
Btilbene in ritro, 38S 
Stilbestrol, estrogenic activity of, 366 
Stimulus, flower forming, nature of, 96 
photopenodic, hormonal nature of, 88- 


Strueture, chemical, 
auxin activity and, 19, 43 
carcinogenic aetinty and, S8S 
estrogenio activity and, 359 
lasulin actintyand, 311 
inhibitory effect of auxins and, 41 
of vitamins for plant hormone activity, 
1D3 

wound hormone activity and, 79 
'Stylopixation, 13S, 140 
Subcnc acid, wound hormone activity of, 
79 

Succuue acid, wound hormone activity 
of, 79 
Suckling, 

effect on pituitary prolactm levels, 790 
atimulatmg effect on laetation 791- 
793 

Sugar, efleet on rooting 36, 37 
water uptake m plants, 64 
Sugar cane, 

isolation of growth inhibitory auxin 
from, 41 

Sulfur, in insulin, 309 
T 

Teeth, effect of parathyroid on 285 291, 
292 

Testalolone, 

chemical properties, 482 
isolation from swine testis, 482 
structure, 482 
Testis, 

activity of, 477 

as source of allopregnsnediols, 619 
of alloptegnanolonea, 44S 
of androgens, 481-4^ 
of estrogens, 330, 331, 383 
of pregnanediol, 415, 619 
of pregnenolonea, 448 
of testosterone, 476, 477 
effect of corpora aUata on, 136 
formation of androgens in interstitial 
tissue of, 469, 470 
isolation of pure hormone from, 2 
Testosterone, 

absorption from gastromtestmal tract, 
518 

activity of, 446 
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antagonism of estradiol to, 538 
estrone to, 538 
progesterone to, 538 
bacterial conversion of, 535, 536 
biological conversion of estrogens to, 
398 

chemical determination, 494 
configuration of, 361 
reduction products 428 
effect on lactation, 775, 776, 777 
mammary growth, 728, 729, 730 
parathyroid, 278 
pituitary, 539 

pituitary prolactm levels, 789 
from cholesterol, 477, 478 
inactivation of 534 
isolation of, 1 2 

metabolism of, 520-524, 526, 620 
metabolites of, 522 524, 534 
modes of administration and activity 
of, 534 

Testosterone propionate, absorption by 
various routes, 518, 519 
effect on rachitic rats, 538 
Testosterone sulfate, 492 
bioaasay of, 493 
Testiiol, 

chemical properties, 482 
identity with chimyl alcohol, 483 
isolation from swme testis, 482, 483 
structure of, 482 
Tetany, 

due to steatorrhea, 265 
pathogenesis of mfantile, 286 
prevention of parathyropnval, by dex 
trm, 264 
by lactose, 264 
symptoms of, 285 
treatment of, 268 286 
Thayer-Doisy procedure, for estrogen 
assay, 344 

Theelin, see Estrone 
Thiamine, distribution in plants, lOEff 
effect on estrogemc activity, 391 
root formation, 37 
formation m leaves, 104, 105 
leaf growth activity of, 99 
plant hormone activity of, 102-105 
transport through plants, 104 


Thiazole, plant hormone activity of 
moiety of, 103 

Thioglycotic acid, inactivation of insulin 
by, 309 

reaction with lactogenic hormone, 653 
Threonine, m insulin, 308 
ThyUkentrm, see FoUicle-stimulating 
hormone, of anterior pituitary 
Thyroid, 

effect on lactation, 767-773 
milk composition, 794, 795 
salivary secretion, 244 
interrelationship between pituitary 
and, 661 

isolation of pure hormone from, 2 
relation to parathyroid glands, 276 
role of, in mammary growth, 731-734 
urinary excretion of androgens and 
diseases of, 509, 510, 515 
of 17*ketosteroids and diseases of, 
509, 510, 515 
Thyroidectomy, 

effect of estrogens on mammary growth 
foUowmg, 731-733 
effect on lactation, 767-770 
pituitary prolactin levels, 789 
Thyroparathyioidectomy, 
effect on pituitary prolactm levels, 789 
skeletal growth, 289, 290 
urinary excretion of radioactii c 
phosphorus, 267 

neuromuscular symptoms follonmg 
265 

Thyroxine, admmistration to dairy am 
mals, 770, 772 
effect on milk fat, 794 
synergism with androgens, 538 
Tigogenin, conversion to A** allopreg 
nene-3,20-diOQe, 411 
Tissue, '‘ferments”, 1 

response of, of insects to hormonal 
stimuli, 129, 132 

Tomatoes, growth activity of pyndoxine 
for, 105 

isolation of growth-inhibiting auxin 
from, 41, 44 

thiaroine distribution m, 104 
Tradescantia, effect of auxin on root 
formation m, 36 
Traumatic acid, 77ff 
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cofactors of, 78 

effect of glutamic acid on activity of, 79 
formation of, 82 

identit) with A'-decene-l.IO-dicarbox- 
jlic acid, 78 

interaction with auxin, 82 
isolation from bean pods, 78 
isomer of, 79 

Traumatin, see Traumatic acid 
Ai-Tridecene-l,I3-dicarboxyiic acid, 
wound hormone actn ity of, 79 
A*-Tndecene-l,13-dicarboxylic acid, 
wound hormone activity of, 79 
Tnodobenzoic acid, 
antagomsm to auxin, 95 
Triphenylethylene, antagonism of andro- 
gens to, 539 
Tropaeolum, 
leaf abnormalities in, 101 
Trypsin, 

effect on hormones of anterior pitui 
tarj , CW. eas, 673. 681 
inactnation of insulin by, 3)3 
Tryptanune, 
auxin activity of, 20 
eontereion to auxin, 25 
indoleaeetic acid, 2-1, 25 
relation to auxin, 23 
role in eye pigment formation of 
Drosophila, 144, 145 
Tumors, 

adrenal, and urinary excretion of 
adrenocortical metabolites, 
014-918, 620 
of estrogens, 621 

effect on urinary exeretiou of 17- 
ketosteroids, 510^14, 515 
Tyrosinase, inhibitory' effect on estrone, 
393 

Tyrosine, in insulin, 308 
wound hormone activity ol, 393 

V 

Ulcers, gastrojejunal, effect of entero- 
gastrone on, 230 

6-UndecanoI-l,II-dicarboxyIic acid, 
wound hormone activity of, 79 
A*-Undecene-l,ll-dicatboxylic acid, 
wound hormone activity of, 79 


Urane, 
source, 618 

structural formula, 618 
Uraue dsnvatives, 
configuration of, 450 
Uraoediol, source, €18 
structural formula of, €18 
Uranetnol, source, 618 
etnictural formula of, CIS 
3(|J),ll-Uranediol, sources of, 447 
3(a),ll,20-Vrsnettiol, 
sources of, 447, 450 
structure of, 451 
Uranolone, source of, 618 
structural formula of, 618 
Uran-ll-ol-3-one, sources of, 447, 450 
structure of, 451 

Urea, effect on growth hormone, 685 
on lactogenic hormone, 660 
Unoe, 

adrenocortical metabolites in, 602-621 
androgens id, 47W74, 484, 498-616 
dietary ongio of auxin is humas, 21, 23 
effect of men’s, on castrated mice, 
472 

enterogastrone in, 244ff 
estrogens is, 874, 881, 886, 887 
excretion of progesterone into, 847 
extraction of auxin from, 35 
isolation of allopregnanedenvatives 
from, 445, 448 

androgen sulfate esters from, 485 
androstene denvatives from, 472 
S-desoxyeouilenm from, of pregnant 
mares, 389 

equilenin from, of pregnant mares, 
355, 359 

pregnane derivatives from, 448, 449, 
457 

IT-ketosteroids in, 486-488, 496-517, 
602 

polarographic assay of 17 ketosteroids 
in human, 340 
progestin m, 452 
prolactin in, 795 
sex hormones in, 335-337, 377 
urogastrone ui, 245 
Urogastrone, 244-246 
antagonism to histamine, 246 
secretin, 246 
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companson with enterogastrone, 245 
effect on gastric secretion, 245, 24ff 
salivary secretion, 246 
isolation from urine, 245 
Uterus, effect of desoxycorticosteroP® 

347 

of methyltestosterone on, 347 
of ovanan hormones on, 708 
of progesterone on, 346, 347 
lactogenic effect ol pregnant, '75i» 
response of immature, to estrogc®* 345 
role m estrogen metabolism, 385 

V 

Vasodilatm, 

identity with histamine, 240 
isolation from tissue extracts, 24^ 
Vicia, auxins in, 17 
Ttcui /aba, hormones from, 76 
Villikmm, 234 
Vlosterol, 

effect on parathyroprival tetany? 286 
Vitamin A, effect on inactivati®!^ 
estrogens by liver, 392 
Vitamm A deficiency, 
effect on bioassay of estrogens, ^4 
\^itamin Bi, see Tluamme 
Vitamm B«, see Pyndoxme 
Vitamm B deficiency, effect on biPP^y 
of estrogens, 344 

effect on maetivation of estrog^t^ hy 
liver, 391, 395 
Vitamin D, 

effect on bone repair, 291 
intestinal absorption of, and blood 
calcium level, 265 

Vitamm E, synergism with androg«M, 
537 

Vitamins, as plant hormones, 102^*07 
leaf growth activity of, 99 


structural requirements for plant hor* 
mono activity, 103 

W 

Water, effect of mtake of, on lactation 
following adrenalectomy, 763 
relation between growth of plants and 
uptake of, 63-65 
’{Pirafc, 

punfied protems of, as source of auxin, 
22 

Women, urinary excretion of androgens 
m normal, 502-504, 515 
in eunuchoid, 506-508, 515 
17 ketosteroids m normal, 502- 
504, 515 

eunuchoid, 506-S0S 

Wound callus, formation of, in plants, 76 
Wound hormone, see Hormones, wound, 
in plants 

X 

XnntAium penmylvatiteum, 03 
dayden^hs required for Sowenng, 84 

Y 

Yeast, plant hormone activity of, 102, 

114 

reduction of androstanedione by, 534, 
536 

of androstenedione by, 534-536 
Z 

Zmc, occurrence m human pancreas, 307 
in crystalline insulin, 307 
ZinC'insulm complex, 
mfcamiAr'h'i'b 

Zygomycetes, hormonal control of sexual 
reactions in, 117 



